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1  Introduction 

Hollow  cathodes  have  been  employed  with  dif¬ 
ferent  configurations  to  produce  dense  plasma 
clouds,  as  well  as  electron  emitters  in  the  lab¬ 
oratory  [1  -  3]  .  The  plasma  is  generated  by  a 
high  voltage  discharge,  and  the  particular  elec¬ 
trode  configuration  of  these  devices  increase  the 
generated  plasma  density  over  usual  electric  dis¬ 
charges  of  similar  characteristics  [2]  . 


Figure  1:  Detail  of  the  hollow  cathode  as¬ 
sembly. 


In  this  paper  we  describe  a  simple  and  unex- 
pensive  hollow  cathode  plasma  source.  Our  de¬ 
vice,  of  small  size,  employs  moderate  discharge 
voltages  (always  below  1  Kilovolt).  The  hollow 
cathode  is  used  as  a  primary  plasma  source  to 


create  a  quiescent  and  magnetized  plasma  col¬ 
umn  with  10  cm  of  diameter  and  30  of  length. 
This  device  is  based  in  previous  experiments  with 
hollow  cathode  discharges  [4]  and  is  intended 
for  basic  plasma  studies. 

2  Experimental  setup 

The  details  of  the  plasma  chamber  and  vacuum 
equipment  have  been  described  in  previous  pa¬ 
pers  [4,  5]  .  An  scheme  of  the  hollow  cathode  is 
presented  in  Figure  1.  The  cathode  was  a  small 
hollow  metallic  cylinder  with  a  drill  of  0.1  cm 
in  its  center.  Neutral  gas  (Ar  or  Xe)  was  in¬ 
jected  through  this  drill,  which  is  in  turn  con¬ 
nected  by  means  of  a  ceramic  tube  to  the  gas 
feed.  This  permits  the  electrical  insulation  of 
the  hollow  cathode  set  holding  the  thermal  con¬ 
tact  for  external  cooling.  The  neutral  gas  mass 
flow  rate  (between  1-20  standard  cubic  centime¬ 
ters  per  minute)  was  controlled  by  means  of  a 
needle  valve.  The  anode  was  made  of  a  coaxial 
cylinder  electrically  insulated  by  ceramic  rings. 
The  electric  discharge  was  produced  by  a  high 
voltage  {Vdis  =  200-1000  Volts)  in  the  choked 
flow  of  neutral  gas  leaked.  This  assembly  was 
covered  by  a  pyrex  glass  tube  which  supports  a 
coaxial  magnetic  coil  which  provides  a  maximum 
magnetic  field  of  4  X  10“^  Tesla.  This  enhance 
the  ionization  rate  of  remaining  neutral  gas  by 
electrons  originated  in  the  electric  discharge.  In 
addition,  the  hollow  cathode  could  be  polarized 
with  a  bias  voltage  (Vfcias  between  -40  and  +40 
Volts)  with  respect  to  either,  the  grounded  cham¬ 
ber  walls  or  a  metaUic  target  plate  located  at  the 
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Figure  2:  Scheme  of  the  experimental 
setup. 


end  of  the  plasma  column. 

In  Figure  2  is  presented  an  scheme  of  the 
plasma  device.  The  uniform  magnetic  field  was 
generated  by  six  equally  spaced  Hemlholtz  coils 
with  30  cm  of  diameter  disposed  along  33  cm. 
This  configuration  holds  a  uniform  magnetic  field 
into  a  volume  of  10  cm  of  radius  and  30  cm 
of  length,  with  a  maximum  value  of  3.0  X  10“^ 
Tesla. 

The  properties  of  the  magnetized  plasma  col¬ 
umn  were  ascertained  using  collecting  Langmuir 
probes  biased  to  the  anode  of  the  hollow  cath¬ 
ode.  These  probes  were  placed  inside  the  plasma 
volume  with  a  resolution  of  ±0.1  cm.  The 
plasma  potential  Vp,  electronic  temperature 
and  density  were  obtained  from  voltage  cur¬ 
rent  probe  traces  by  means  of  the  usual  tech¬ 
niques  for  plasma  diagnose.  The  smallness  of 
the  electronic  Larmor  radius,  always  larger  that 
the  probe  dimensions,  permits  to  make  use  of  the 
simplified  Langmuir  theory  [6]  . 


ties  measured  at  a  fixed  point  located  at  the  exit 
of  the  hollow  cathode  plasma  source  he  between 
6.5  X  10®cm“^  and  7  X  10^ cm~^,  depending  on 
the  different  experimental  conditions.  The  elec¬ 
tronic  temperatures  were  between  1  and  2  eV. 

The  plasma  emission  properties  were  evalu¬ 
ated  by  measuring  the  current  Icoi  collected  at 
either,  end  target  plate  and/or  the  grounded 
plasma  chamber  walls  for  different  bias  voltages. 
For  positive  values  the  current  Icoi  is  increased 
with  Vb  up  to  a  maximum  value  which  depends 
on  the  electron  density  at  the  exit  of  the 
hollow  cathode.  This  maximum  saturation  cur¬ 
rent  is  also  increased  with  the  current  I^is  of 
the  hoUow  cathode  discharge.  The  intense  mag¬ 
netic  field  apphed  in  the  plasma  source  also  con¬ 
tributes  to  the  increment  the  electron  density, 
and  therefore,  the  emitted  current  Icoi- 
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3  Experimental  results 

The  plasma  parameters  were  measured  under 
stationary  conditions  of  both  mass'  flow  rate  and 
background  pressure.  The  typical  electron  densi- 
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1  introduction 

The  proper  self-consistent  description  of  a  positive 
column  of  an  inert  gas  discharge  under  low  pressures 
and  small  currents  should  base  on  a  joint  solution  of 
kinetic  equation  for  electrons  and  of  motion  equation 
for  ions.  The  attempts  to  describe  electron  motion 
under  these  conditions  in  terms  of  diffusion  and 
mobility  can  lead  to  results  considerably  different  from 
those  of  kinetic  description. 

In  the  present  paper  the  kinetic  (nonlocal)  and  diffusion 
(local)  theories  of  positive  column  in  neon  are 
developed  and  compared  under  the  same  cross-sections 
of  elementary  processes. 


2  Nonlocal  theory 

The  basic  equations  are  the  kinetic  equation  where  the 
term  with  radial  gradients  of  electron  distribution 
function  (EDF)  is  present,  the  ion  motion  equation  and 
Poisson  equation. 

(eE)^  d  dfo(z,r)  ^  1  a  ^fo(s.r)  _ 

3  5ev  dE  3r  dr  V  dr 

w  *  ( v)fo(8.  r)  -  V-  V  *  ( v*  jfoCs  +  si .  0  (1) 


dfo(z,r) 

dr 


r.ro(e) 


=  0; 


r=R 

e>e®; 


^0(9)  /oKOV®-  (2) 

Jap 

/d(9)=r  v,(8  -  ecf>{r))fo{B,r)^e  -  ap(r)cfc  (3) 

Je,+ap 


/s(9)  =  7(9)  J ''‘(e  -  eip(r))fQ{e,  r)^B  -  ap(r)cfe  (4) 

e,+ap 

Here  e  =  w  -1-  apCr) ,  (  e,  w,  eqp  are  total,  kinetic  and 
potential  energies),  E  is  constant  axial  field,  v,  v*,  V; 
are  the  transport  frequencies  of  elastic  and  inelastic 
impacts  and  the  frequency  of  direct  ionization,  velo¬ 
cities  V  and  V  are  related  by  mv'^/2  =  mv^jl  +  e, , 
is  excitation  threshold,  e/  is  ionization  potential, 
ed)„  is  the  wall  potential,  y(<p)  is  the  ratio  of 
stepwise  ionization  probability  to  total  probability  of 
decay  of  metastable  and  resonance  levels  involved  in 
stepwise  ionization,  0^(9)  is  electron  density, 
^d(9)>  ^5(9)  3re  direct  and  stqnvise  ionization  rates  as 
the  functions  of  radial  potential. 


The  closed  system  of  equations  for  calculation  of 
discharge  parameters  is 

j,  =  biErHilcp) 


r=0 


(5) 

r=0 

4nenlbj 

y,(o)  =  o 

(6) 

Er(0}  =  0 

(7) 

0 

II 

0 

(8) 

div),  =  /d((p)  +  /s(9) 
divE^  =  4ne(ni{ip)  -  nji(p}) 

E^  =  -  grad  9 
y,  is  the  radial  flux  of  ions,  n,  is  ion  density,  E^  is 
radial  field,  h,  is  ion  mobility.  The  solution  of  kinetic 
equation  (1)  has  been  found  1^  method  of  averaging 
over  radial  motions  of  electrons  [1]  in  trial  potential 
with  wall  potential  .  Then  the  set  of  equations 
(2K8)  has  been  solved  by  varying  of  parameters  in 
order  to  satisfy  conditions 

J^(R)  =  JiiR)  =  ~  Jj/d  +  ls)rdr  :  etb^  = 


jg{R)  is  electron  flux  on  the  tube  wall,  in  this  model  it 
is  determined  mostly  by  electron  flux  in  energy  space 
into  energy  region  e  >  ed>^y . 


3  Local  theory 

The  model  bases  on  kinetic  equation  where  the  term 
with  radial  gradients  is  omitted,  on  equations  for  ion 
and  electron  fluxes  and  on  Poisson  equation 
(eE)^  d  'd{n(r)fo{w))  - 


3  V  8W 

(9) 

vv  (v)n(r)fQ(w)  -  \/ \  (V)n{r)f^{w  +  s^) 

l^(n,  £)  =  n  jJv,(w)fo(M')Vvv(Av 

(10) 

/s(n,  £)  =  r(n,  £)nj  v'(w)fo{w)^dw 

(11) 

(12) 

(13) 

Jlr  - 

(14) 

=  -b^r^e  -  De  grad 

(15) 

J  Ir  ~  Jer 

(16) 

divy,,  =  /„  +  /s 

(17) 

divE^  =  47ce(/?;  -  nj 

(18) 

Er  =-  grad  9 

(19) 
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The  system  of  equations  (14>(19)  has  been  integrated 
numerically,  parameter  E  has  been  varied  until  the 
boimdary  condition  at  the  tube  wall 

nJiR)  =  7V(^)/V^o/^  would  have  been  satisfied. 


4  Results 

The  results  of  calculations  by  nonlocal  and  by  local 
theories  are  shown  in  the  Figures  1,2,3, 4  and  Table  for 
neon  discharge  under  pR=l  torr.cm,  i/R=10  mA/cm. 
The  main  differencies  are: 

the  nonlocal  EDF  fo(w,r)  is  considerably  depleted 
with  fast  electrons  in  the  column  periphery  (Fig.  1). 
This  lead  to  compression  of  ionization  sources  and 
densities  of  charged  particles  (Fig.2).  The  wall 
potentials  in  nonlocal  theory  are  considerably  smaller 
than  in  local  theory.  Contrast  to  the  local  theory  the 
axial  current  density  jz{f)  does  not  coincide  with 
electron  density  profile,  and  mean  energy  of  electrons 
decreases  towards  the  tube  wall.  The  sizes  of  space 
charge  sheath  L  differ  in  about  two  times. 


no -10’° 
cm~^ 

E 

VI  cm 

eV 

^pl 

eV 

NLT 

1.6 

4.25 

28 

18.5 

LT 

1.35 

4.55 

44 

17 

IdoMo 

Isd/'^o 

2TtRjfi 

•10^5“^ 

NLT 

0.075 

2.5 

2.1 

lIBHittil 

LT 

0.18 

0.8 

0.82 

1.5T0*^  1 
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1  Introduction 

Plasma  wall  interaction  is  of  fundamental  importance 
for  the  understanding  of  the  properties  of  a  plasma  and 
also  of  great  interest  in  many  plasma  technological 
applications  such  as  plasma  etching  and  plasma- 
assisted  deposition  processes. 

We  have  developed  a  model  in  which  the  electron 
kinetics  in  the  bulk-plasma  and  the  sheath  is  based  on 
the  so-called  non  local  approach  of  the  BOLTZMA>JN- 
equation  [1],[2]  which  describes  the  EEDF  and  the 
density  profile  of  the  elctrons  as  a  function  of  the 
radial  potential  (|i. 

In  contrast  to  earlier  models  we  show  that  the  necessary 
plasma  boundary  conditions  result  from  a  system  of 
balance  equations  of  the  charged  carriers  on  the 
insulated  wall  surrounding  the  positive  column  [3]. 

For  a  special  neon  discharge,  the  radial  distribution 
function  of  several  plasma  parameters  calculated  from 
the  model  are  compared  with  experimental  results  [4]. 

2  Theoretical  Concept 

The  following  set  of  equations  was  used  in  order  to 
describe  the  plasma  including  the  plasma  sheath  in 
fi-ont  of  the  wall : 

The  BOLTZMANN-  equation  written  in  the  non  local 
form  [1],  [2],  the  continuity  equation  for  charged 
particles  ,  the  impuls  balaiice  equation  for  the  ions,  and 
the  POISSON-equation  [2] . 

The  following  ionization  processes  have  been 
considered;  direct  ionization  and  stepwise  ionization 
via  metastable  atoms.  Furthermore,  according  to  [1] 
the  stepwise  ionization  process  has  been  used  in  an 
approximatical  solution. 

In  an  effort  to  develop  a  more  detailed  model  of  the 
plasma  interaction  and  to  find  realistic  boundary 
conditions,  the  following  elementary  processes  at  the 
insulating  wall  have  to  be  taken  into  account  ; 

•  adsorption  of  incoming  carrier  (negative  and 
positive), 

•  desorption  of  charge  carriers, 

•  surface  diffusion  and  wall  recombination  of  carriers 
on  the  wall. 

In  addition,  the  modelling  of  the  plasma  interaction  has 
been  carried  out  in  the  fi'amework  of  a  two  dimentional 
wall  plasma  [5],  i.e.  the  ions  on  the  wall  are  fixed  and 
the  electrons  can  move  in  two  dimensions  by  surface 
diffusion.  These  assumptions  lead  to  two  balance 
equations  for  the  adsorbed  charged  particles. 

s,  jw  -  CTe/Te  -  ttR  CT,  O;  =  0, 


Sij,w  -CTi/Ti-aRO.CTi=0 

The  negative  charge  at  the  wall  Act,  =  ct,  -  ct;  is  related 
to  the  radial  electric  field  Er  normal  to  the  wall  by : 

Ef  Qq/Sq  Act, 

where  ct,  and  a,  denote  the  number  densities  of 
electrons  and  of  positive  ions  on  the  wall.,  jn,  is  the 
charged  particle  current  density  on  the  wall,  S„S, 
are  the  sticking  coefficents  of  electrons  and  ions, 
respectively.  t,=  t«,  exp{E,VkTw) ,  Sio  (Ea/kT^)  the 
residence  time  of  the  charged  particle  of  the  wall; 

Or  =  a„(TJ300)''^ 

denotes  the  recombination  coefficient  of  charged 
particles  on  the  wall,,  e,  is  the  electron  charge  and  e, 
is  the  permitivity  of  the  vacuum. 

This  means  that  the  properties  of  the  surface  determine 
the  flux  of  the  charge  carriers  to  the  wall,  because  Act, 
is  determined  by  the  properties  of  the  wall. 

3  Results  and  Discussion 

The  model  was  applied  to  a  Neon  glow  discharge  with 
the  following  parameters : 

•  pressure  ;  p,  =  150  Pa 

•  discharge  current :  i  =  9  mA 

•  radius  of  the  discharge  tube :  ro=  1.27  cm 
The  main  results  can  be  summarized  as  follows: 

•  the  radial  distributions  of  the  charged  particles  are 
contracted  in  relation  to  the  BESSEL  -  function,  of 
zero  order;  within  the  limits  of  probe  measurements 
the  measured  distribution  flmction  [4]  corresponds 
to  the  calculated  (fig  1),  larger  deviations  in 
experimental  and  theoretical  results  exist  for  the 
mean  electron  energy  in  the  bulk  plsama  (fig.  1); 

•  the  model  describes  the  bulk  of  the  plasma  and  the 
formation  of  the  sheath  region  and  shows  the 
known  increase  of  the  radial  components  of  electric 
potential  (fiig  2),  the  electric  radial  potential  (fig  3) 
and  the  increase  of  the  degree  of  deviation  from  the 
quasi-neutiality  Ag=  (gi-ge)/gi  (fig  4).  The  level  of 
agreement  between  experimentally  determined  [4] 
and  calculated  radial  potential  and  radial  electric 
field  strength  is  satisfactory. 

First  estimations  of  elementary  data  of  the  wall 
recombination  mechanism  are  given  in  tab.  1  and  first 
results  for  the  temperature  dependence  of  different 
kinds  of  plasma  sheath  and  wall  data  are  represented  in 
tab.2 : 

»  under  our  experimental  condition  the  axial  electric 
field  strength  Ez  does  not  change  with  gas  and  wall 
temperature,  (Tg=  Tw); 
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•  the  KKlial  electric  field  strength  at  the  wall  E^to), 
the  negative  net  charge  Act.  and  the  wall  potential 
(Kr.)  show  a  maximum  at  Tj=Tw=350  K; 

•  the  current  density  of  ions  ji(r„)  and  the  ion  drift 
velocity  Vilr.)  at  the  wall  decrease  with  increasing 
temperature. 
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Tabel  1:  Estimated  elementary  data  of  the  wall 

recombination  mechanism 


E..  /eV 

/eV 

Tm  /s 

Tio  /s 

a.  cm^/s 

0.095 

0.18 

9  10'* 

2  10'“ 

30 

Tabel  2  :  The  change  of  the  sheath  parameters  (E,(ro), 
‘p(ro),  ji  (r.)  and  Vii(ro))  and  the  wall  properties  (Act.  )  in 
dependence  of  the  gas  temperature  and  the  wall 
temperature  (Tg  =Tw). 


T/K 

E. 

V/cm 

Er(ro) 

V/cm 
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cm* 

^r.) 

V 

ji(ro) 
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5.1 
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6.8 
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Fig.  1  :  The  radial  dependence  of  the  normalized 
charged  particle  density  distributions  g;  g.  and  the 


normalized  mean  electron  energy  u*,-,  comparision 
between  model  calculation  and  experiments  [4]. 
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Fig.  2  The  radial  electric  field  strength  in  dependence 
on  the  radial  coordinate;  comparision  between  model 
calculation  and  experiment[4].,  Tg=Tw=  300  K 


Fig  3.  The  calculated  radial  potential  in  comparision 
with  experimental  data  [4],  Tg  =  Tw  =  300  K 


Fig.  4  The  radial  dependencies  of  the  calculated 
normalized  plasma  parameters  in  the  sheath  region. 
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Introduction 

Magnetron  discharges  of  various  designs  are  widely 
employed  in  plasma  enhanced  deposition  technologies 
to  reach  high  sputtering  rates.  Because  of  the  E  x  B- 
drift  of  the  electrons  near  the  cathode  the  collision 
frequency  of  the  direct  ionization  at  pressures  of  about 
1  Pa  is  significantly  higher  than  under  non-magnetic 
conditions.  Thus  the  input  of  the  electrical  power  at 
relatively  low  voltages  is  very  effective.  In  magnetron 
discharges  used  in  technology  the  magnetic  field  is 
inhomogeneous  in  all  directions.  A  quantitative 
description  of  the  plasma  in  such  types  of  discharges 
becomes  more  simple  in  a  cylindrical  magnetron 
discharge  where  inhomogenities  of  the  plasma 
parameters  only  occur  in  radial  direction  and  where  the 
tnagnetic  field  is  generated  by  coils  and  not  by 
permanent  magnets. 

Absorption  spectroscopy  using  narrow  bandwidth 
single  mode  diode  lasers  is  a  sensitive  method  to  obtain 
number  densities  and  temperatures  in  gasdischarge 
research.  This  technique  especially  allows  access  to  the 
first  four  excited  levels  of  the  rare  gases  that  are 
important  for  the  carrier  production  in  the,  discharge. 
Two  of  those  are  connected  to  the  ground  state  the 
other  two  levels  are  metastable.  Because  of  the  large 
population  density  of  the  '  metastable  states  the 
absorption  lines  usually  are  influenced  by  optical 
thickness.  This  requires  special  care  when  reducing  the 
data  to  obtain  the  munber  densities. 

Since  we  are  dealing  with  a  magnetic  field  the  lines 
additionally  show  Zeeman  splitting  vriiich  has  to  be 
mentioned  in  the  later  fitting  procedure. 

Experimental  set-up 

The  cylindrical  magnetron  discharge  consist  of  a  co¬ 
axial  non  magnetic  stainless  steel  vacuum  vessel  that 
can  be  pumped  down  to  pressures  of  the  order  of  10'^ 
Pa.  The  inner  stainless  steel  cylinder  is  water-cooled, 
isolated  fi-om  the  vacuum  system  bocfy  and  serves  as 
cathode.  The  magnetic  field  is  created  by  means  of  a 
couple  of  special  formed  coils  in  order  to  guarantee 
homogeneity  over  the  whole  discharge  length. 

The  laser  set-up  consists  of  a  grating  stabilized  diode 
laser  in  Littrow  configuration  [1).  In  contrast  to  the  firee 
nmning  spectrak  linewidth  of  the  order  of  100  Mhz  we 
obtained  a  band-width  of  4.5  Mhz  and  a  tuning  range 
of  ^roximately  25  Ghz.  The  wavelen^  scanning 


was  achieved  by  a  computer  controlled  voltage  ramp  to 
a  highly  stabilized  current  source.  The  whole  laser  set¬ 
up  was  actively  temperature  stabilized  by  a  peltier 
element.  The  set-up  of  the  magnetron  and  the  laser  can 
be  seen  in  figures  1  and  2. 


Fig.  1  Set-up  of  the  cylindrical  magnetron  discharge 


Fig  2  Set-up  of  the  diode  laser  system 


Experiments 

Spectroscopic  measurements  were  done  on  the  argon 
transitions  3p*4s-3p*4p  in  the  range  810-826  nm.  To 
obtain  radial  density  and  temperature  profiles  an 
efficient  least-squares  routine  [2]  was  used  to  fit  the 
Gaussian  absorption  profiles  for  the  different  Zeeman- 
transitions  in  a  longitudinal  magnetic  field  with  known 
values  of  the  magnetic  field,  Lande  factors  [3]  and 
oscillator  strenghts.  Especially  for  the  Ar  Iss  level  care 
has  to  be  taken  of  optical  thickness  which  affected  the 
absorption  profile.  The  model  function  used  in  the 
least-squares  routine  concerning  for  this  effect  is 
described  in  [4].  The  single  Zeeman-transitions  are 
fitted  with  Doppler  profiles.  From  the  Doppler  width 
one  can  deduce  the  temperature  of  the  argon  atoms. 
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Results  and  modellmg 

A  typical  example  for  the  radial  particel  density 
variation  of  a  Ar  resonance  level  is  shown  in  fig.  3. 


024aaoet«««30  2a 
diatzice  cathode  aurfaee  (mm) 


Fig.  3  Radial  particle  density  of  Ar  ls2  level 

The  number  density  raises  rapidly  near  the  cathode. 
From  maximum  to  the  anode  the  it  decreases  smoothly, 
since  the  electron  density  also  decreases  and  their 
ener-gy  gain  is  significantly  reduced  in  the  positive 
column.  The  densities  of  the  metastable  levels  exhibit 
another  decrease,  because  of  difiusion  toward  the  anode 
due  to  their  long  durability.  In  fig.  4  the  different 
courses  can  be  seen. 


OJ  04  0.«  0.»  1.0 


x*r/R, 

Fig.  4  Comparison  of  radial  courses  for  three  different 
first  excited  state  levels  of  argon 

The  variation  of  the  density  profile  with  applied 
magnetic  field  strength  is  shown  in  fig.  5  for  the  Ar  l&t 
level.  The  maximum  shifts  towards  the  cathode  with 
increasing  field  strength. 


To  build  a  theoretical  model  of  the  discharge 
mechanisms  we  used  in  a  first  step  the  number 
densities  of  the  metastable  IS5  level  to  gain  information 
about  the  excitation  and  deexcitation  processes  of  this 
level.  The  modelling  of  the  resonance  levels  is  more 
complicate  because  of  influence  of  the  escape  factors. 
The  radial  density  profiles  of  the  rare  gas  metastables 
in  the  cylindrical  magnetron  discharge  are  calculated 
firom  teh  continuity  equation  of  the  radial  metastable 
current  density  jm  which  describes  the  radial  flow  of 
these  excited  state  atoms  in  dependence  of  their  local 
source  and  drain  terms 

'  j 

and  the  difiusion  ansatz  for  the  metastable  current 
density 


To  solve  this  differential  equation  system,  beside  the 
initial  and  boundary  conditions  a  detailed  knowledge  of 
the  excitation  and  deexcitation  processes  of  the 
metastables  is  necessary.  A  summary  of  these  processes 
is  given  in  [5]. 

Recognizing  only  important  excitation  and  deexcitation 
processes  we  were  able  to  simulate  the  metastable 
distributions  with  the  aid  of  measured  electron  energy 
distribution  function. 


X  =  r/ 


Fig.  6  Modelling  of  discharge  processes 
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x  =  r/R, 


Fig.  5  Radial  Ar  IS4  particle  density  in  dependence  of 
applied  magnetic  field  strength 
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Glow  discharges  are  used  in  a  large  number  of 
application  fields,  ranging  from  the  semi-conductor 
industry  (deposition,  etching)  and  the  lighting  and  gas 
laser  industry  to  analytical  chemistry.  In  the  latter 
application  field,  the  material  to  be  analyzed  is  used  as 
the  cathode  of  the  glow  discharge  cell,  which  is  sputter- 
bombarded  by  ions  and  atoms  from  the  plasma.  The 
sputtered  atoms  arrive  in  the  plasma  where  they  can  be 
ionized  and  excited,  and  hence  detected  by  mass 
spectrometry  and  optical  emission  spectrometry. 

To  acquire  better  results  in  all  these  application  fields,  a 
good  insight  in  the  glow  discharge  is  desirable.  We  try 
to  achieve  this  by  mathematical  modeling.  A  set  of 
three-dimensional  models  has  been  developed  to  obtain 
an  overall  picture  of  the  argon  direct  current  glow 
discharge,  used  in  analytical  chemistry  [1,2].  The 
species  assumed  to  be  present  in  the  plasma,  are  argon 
gas  atoms  at  rest,  uniformly  distributed  over  the 
discharge,  singly  charged  positive  argon  ions,  fast  argon 
atoms  created  by  charge  transfer  collisions  from  the 
argon  ions,  argon  metastable  atoms,  fast  and  slow 
electrons,  and  sputtered  cathode  atoms  and  the 
corresponding  ions. 

These  plasma  species  are  described  with  Monte  Carlo 
models  (for  the  fast  plasma  particles,  which  are  not  in 
equilibrium  with  the  electric  field)  and  with  fluid  models 
(for  the  slow  particles,  which  can  be  considered  in 
equilibrium  with  the  electric  field). 

The  fast  electrons  are  treated  with  a  Monte  Carlo  model; 
collision  processes  incorporated  are  elastic  collisions 
with  argon  atoms,  electron  impact  excitation  and 
ionization  from  the  argon  ground  state  and  from  the 
metastable  level,  and  ionization  of  sputtered  copper 
atoms. 

The  behavior  of  the  slow  electrons  and  the  argon  ions  is 
calculated  in  a  fluid  model;  the  continuity  and  transport 
equations  are  coupled  with  the  Poisson  equation  to 
obtain  a  self-consistent  electric  field  distribution. 
Moreover,  the  argon  ions  are  described  with  a  Monte 
Carlo  model  in  the  cathode  dark  space  (CDS),  as  well  as 
the  fast  argon  atoms  which  are  created  by  charge 
transfer  and  elastic  collisions  from  the  argon  ions.  The 
collision  processes  taken  into  account  are  symmetric 
charge  transfer  for  the  argon  ions,  elastic  collisions  with 
argon  atoms  for  both  argon  ions  and  fast  atoms,  and  fast 
argon  ion  and  atom  impact  ionization  and  excitation  of 
argon  atoms. 


The  argon  metastable  atoms  are  handled  with  a  fluid 
model,  consisting  of  a  balance  equation  with  different 
production  and  loss  processes. 

The  thermalization  process  of  the  sputtered  cathode 
atoms  is  described  with  a  Monte  Carlo  model.  The 
subsequent  diffusion,  the  creation  of  cathode  ions  and 
the  transport  of  these  cathode  ions,  are  handled  in  a  fluid 
model.  The  ionization  processes  for  the  cathode  atoms 
incorporated  in  the  model,  are  Penning  ionization  by 
argon  metastable  atoms,  asymmetric  charge  transfer  by 
argon  ions,  and  electron  impact  ionization.  Finally,  the 
behavior  of  the  cathode  ions  in  the  CDS  is  also  treated 
with  a  Monte  Carlo  model. 

All  these  models  are  combined  into  a  comprehensive 
modeling  network,  and  solved  iteratively  until  final 
convergence  is  reached,  to  obtain  an  overall  picture  of 
the  glow  discharge.  The  models  are  developed  in  three 
dimensions  (or  in  two  dimensions  for  the  fluid  models, 
due  to  the  cylindrical  symmetry  of  the  cells 
investigated),  and  applied  to  typical  cell  geometries  used 
in  analytical  chemistry. 

Typical  results  of  the  models  are  the  electrical  current 
when  pressure  and  voltage  are  given,  the  density 
profiles,  fluxes  and  energy  distributions  of  the  different 
plasma  species,  the  potential  and  electric  field 
distributions  throughout  the  discharge,  information 
about  the  relative  importance  of  different  collision 
processes  in  the  plasma,  the  crater  profiles  and  etching 
rates  due  to  sputtering  at  the  cathode,  etc.  The  results 
obtained  for  different  cell  geometries  (e.g.,  cells  with 
flat  and  with  pin-type  cathodes)  are  compared  with  each 
other,  to  investigate  which  cell  geometries  yield  the  best 
results. 

To  test  the  validity  of  the  models,  the  results  are 
compared  with  experimental  observations.  Laser 
induced  fluorescence  spectrometry  has  been  carried  out 
to  measure  three-dimensional  number  density  profiles  of 
the  argon  metastable  atoms,  the  sputtered  cathode  atoms 
and  ions,  in  a  direct  current  glow  discharge  in  argon 
with  a  tantalum  cathode  [3,4]. 

For  the  argon  metastable  atoms,  a  Ti:sapphire 
(continuous)  laser,  tunable  from  780  to  825  nm,  was 
used.  The  primary  excitation  line  was  taken  to  be  the 
one  at  794.818  nm,  whereas  the  852.144  nm  line  was 
used  as  fluorescence  line. 

For  the  tantalum  atoms  and  ions,  a  dye  laser  pumped  by 
a  copper  vapor  laser  was  used.  The  primary  excitation 
lines  were  taken  to  be  those  at  269.131  nm  and  270.28 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


ii-ii 


nm,  respectively,  whereas  the  fluorescence  was 
measured  using  the  358.42  nm  and  the  304.2  nm  lines, 
respectively.  From  the  fluorescence  intensities,  the 
absolute  number  density  profiles  were  deduced. 
Moreover,  for  the  tantalum  atoms,  atomic  absorption 
measurements  with  a  hollow  cathode  lamp  were 
performed  as  well,  to  check  the  fluorescence  results;  the 
271.467  nm  line  was  selected  for  this  purpose. 

The  glow  discharge  chamber  was  mounted  on  a  table 
which  could  be  moved  in  the  x,  y  and  z  directions,  so 
that  three-dimensional  distributions  could  be  recorded. 
In  general,  good  agreement  is  reached  between  the 
calculated  and  experimental  density  profiles  (see  for 
example  figures  la  and  b),  which  illustrates  that  our 
models  present  already  a  realistic  picture  of  the  glow 
discharge. 
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Figure  1:  Comparison  between  calculated  (left)  and  experimentally  measured  (right)  density  profiles  of  the  sputtered 
tantalum  atoms,  at  1000  V,  1  torr  and  2  mA  (tantalum  cathode  in  argon). 
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1.  Introduction 

It  has  been  found'  that  electric  breakdown  in  a 
transient  hollow  cathode  discharge  (THCD)  proceeds 
through  the  formation  of  a  moving  virtual  anode, 
which  propagates  from  anode  towards  cathode,  under 
the  assistance  of  electron  beams  emitted  from  the 
hollow  cathode  region  (HCR).  In  a  previous 
publication^  we  have  presented  a  statistical  study  of 
breakdown  formation  in  transient  hollow  cathode 
discharges,  where  three  distinct  regimes  of  ionization 
growth  were  identified.  1)  initial  ionization  growth 
with  plasma  formation  close  to  the  anode,  2)  extension 
of  this  plasma  region  towards  the  cathode,  and  3) 
ionization  growth  inside  the  HCR  under  enhanced 
field  due  to  the  close  proximity  of  the  anode  potential. 
Regime  1)  was  found  to  be  essentially  random, 
whereas  regime  2)  exhibited  a  deterministic  nature. 
The  statistics  of  regime  3)  indicated  more  than  one 
competing  ionization  processes,  whose  nature  was  not 
possible  to  infer  from  the  data.  In  this  paper  we 
present  a  further  statistical  study  of  ionization 
processes  associated  with  regime  3).  The  arrival  of 
the  virtual  anode  at  the  proximity  of  the  cathode,  the 
formation  of  plasma  inside  the  HCR,  the  penetration 
of  the  anode  potential  into  the  HCR  tlnough  the 
cathode  aperture  and  the  peak  in  the  high  energy 
component  of  the  electron  beams,  are  time  correlated 
with  respect  to  electric  breakdown  in  the  A-K  gap.  A 
well  defined  sequence  of  events  is  established  and 
some  properties  of  the  characteristic  statistics  are 
identified. 

2.  Experimental  Details 

The  experiments  were  performed  in  Hydrogen,  at 
pressures  between  50  and  400  mTorr,  at  30  kV 
applied  voltage.  A-K  separation  was  kept  at  10  cm, 
and  a  5  mm  cathode  aperture  was  used.  Further 
details  of  the  experimental  apparatus  has  been 
published  elesewhere^.  The  previous  study  was  based 
on  measurements  with  a  capacitive  probe  array,  whose 
signal  is  proportional  to  the  time  derivative  of  the 
product  between  the  plasma  potential  and  the  coupling 
capacitance  of  the  probe  relative  to  the  plasma"*.  In 


this  case  we  have  used  two  capacitive  Probes,  Ac  located 
at  15  mm  from  the  cathode  face,  inside  the  A-K  gap, 
and  Ahc,  located  inside  the  HCR,  at  4  mm  from  the 
back  face  of  the  cathode.  Plasma  formation  is 
monitored  by  collecting  light  from  a  small  region  inside 
tlie  HCR,  on  the  axis  and  at  the  same  position  of  Ahc- 
The  light  is  fed  tlu-ough  an  H„  filter  into  a  fiber  optic- 
photomultiplier  arrangement.  The  high  energy 
component  of  the  electron  beams  is  measured  with  tlie 
usual  optical  fiber  scintillator-  photomultiplier 
combination. 

3.  Experimental  Results 

Figure  1  shows  characteristic  signals  at  200  mTorr. 
From  top  to  bottom,  the  signals  are  the  capacitive  probe 
inside  the  A-K  gap  (Ac),  the  capacitive  probe  inside  the 
HCR  (Ahc),  the  electron  beam  (e-b),  and  the  Ha 
emission. 


time  (250  ns/div) 

Figure  1:  characteristics  signals  at  200  mTorr 


To  characterize  the  different  ionization  events 
associated  with  the  signals  shown  in  Fig.  1,  tire 
following  convention  has  been  adopted:  the  arrival  of 
the  virtual  anode  at  the  vicinity  of  the  cathode  is  marked 
by  the  peak  value  in  Ac,  the  initial  growth  of  a 
significant  plasma  density  inside  the  HCR  is  marked  by 
the  onset  of  signal  in  Ha  emission,  the  penetration  of  the 
anode  potential  inside  the  HCR  is  marked  by  the  peak 
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value  in  Ahc,  and  tlie  enhanced  period  of  electron 
beam  activity  is  marked  by  the  peak  value  in  e-b. 
Figure  2  shows  characteristic  times  associated  with 
these  four  ionization  events,  in  the  100  to  400  mTorr 
pressure  range,  measured  over  150  shots.  The  size  of 
the  distribution  is  of  the  same  order  of  the  128  points 
used  in  previous  studies,  which  was  found  to 
statistically  be  statistically  sufficient  for  analysis^. 


100  200  300  400 


pressure  (mTorr) 

Figure  2:  characteristic  time  intervals  for  the 
different  ionization  events:  ■  Ac,  A  Ha,  •Ahc, 
and  ♦  e-b. 

To  visualize  the  statistical  nature  of  the  different 
characteristic  times,  the  cumulative  probability  of  the 
time  intervals  were  plotted  using  the  von  Laue 
formalism^.  The  results  for  tlie  different  ionization 
events  are  shown  in  figure  3. 
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Figure  3:  von  Laue  plots  of  tlie  different 
characteristic  times:  ■lOO  Mtorr,  A200 
mTorr,  and  4400  mTorr. 


At  low  operating  pressure  becomes  difficult  to  identify 
the  defining  features  for  each  particular  event.  This  is 
shown  in  figure  4,  for  different  situations  at  50  mTorr. 


3.  Discussion 

For  a  Gaussian  distribution,  the  von  Laue  plot  fits  a 
parabolic  envelope.  The  characteristic  time  for  the 


Figure  4:  different  behaviors  at  50  mTorr. 


particular  process  is  given  by  the  50%  cumulative  data 
point  in  the  plot.  If  the  50%  cumulative  data  point 
intersect  of  a  simple  spline  fit  to  the  von  Laue  plots  in 
Fig.  3  is  compared  with  thb  average  values  shown  in 
Fig.  2,  it  is  found  that  the  corresponding  values  are 
almost  identical.  This  is  a  good  indication  that  the 
statistical  distribution  of  times  for  the  different 
ionization  events  broadly  follows  a  Gaussian 
distribution.  The  data  in  Fig.  2  establish  a  clear 
sequence  of  events  which  gives  rise  to  regime  3) 
presented  above.  First:  tlie  virtual  anode  arrives  to  the 
vicinity  of  the  cathode,  second:  significant  ionization 
develops  inside  the  HCR,  close  tb  the  cathode  aperture, 
under  an  enlianced  electric  field  due  to  the  proximity  of 
the  anode  potential,  third:  the  anode  potential  diffuses 
inside  the  HCR  through  the  conducting  HCR  plasma, 
and  fourth:  enhanced  electron  beam  emission  takes 
place  fi-om  the  HCR,  due  to  electron  acceleration  in  the 
enhanced  field.  At  low  operational  pressure  or  small 
cathode  aperture  the  hollow  cathode  does  not  play  the 
dominant  role  in  tlie  ionization  events^  as  it  is  shown  in 
Fig.  4.  For  the  same  operational  pressure  two 
distinctive  situations  are  observed.  On  the  left  hand  plot 
the  situation  is  similar  to  that  shown  at  200  mTorr  in 
Fig.  1,  whereas  in  the  right  hand  plot,  Ahc  exhibits  a 
pulsing  feature,  with  a  well  defined  periodicity.  This 
situation  can  not  be  described  by  a  simple  Gaussian 
statistics  and  a  plausible  explanation  is  still  not 
available. 
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There  has  been  a  considerable  amount 
of  interest  in  negative  ion  plasmas 
arising,  particularly,  from  their 
use  in  the  plasma  processing  of 
semi-conductors.  The  structure  of 
such  plasmas  determines  the  energy 
of  the  ions  and  their  spread  of 
energy  impacting  on  the  substrate. 
A  number  of  treatments  have  shown 
that  in  general,  there  is  a  central 
region  which  is  an  ion-ion  plasma 
surrounded  by  an  electron-ion  sheath 
[1-7].  The  joining  of  sheath  to 

plasma  has  been  discussed  earlier 
[8]  and  this  paper  extends  that  work 
giving  a  method  that  is  capable  of 
generalization  for  different  values 
of  the  negative  ion/electron  density 
A,  the  electron  temperature/negative 
ion  temperature  £  and  the  ratio  of 
Debye  length/discharge  dimension  . 
In  such  a  form  it  can  be  related  to 
earlier  work  at  low  pressures  for  an 
electron-ion  plasma  in  the  limit 
A  — >  0  [9,  10] . 

The  Sheabh  Solution 


The  equations  have  a  first  integral 

7i  p^  =  IV  y/(Vr  +  If)  -  IV  -  E* 

(1  -  exp  (-^)]  -  N'tl  -  exp  {-e,p)] 

& 

The  wall  is  located  at  the  point 
where  E  =  I*U*.  f  being  given  by 

S 

{tA  /2ixrr\  according  to  kinetic 
theory.  Thus  ^  =  In  /  E^  \  where 

^  U*U‘  J 

the  starred  variables  are  derived 
,  from  the  plasma  solution  given 
below.  Given  <1^  ^  ve  can  calculate 
Wfc,  (Ufc),  E,  and(^^j^. 

The  plasma  solution  (quasi 
neutral  approximation  o(  =  0) 

This  has  been  given  previously  [4] 
and  can  be  written  as  I  =  E  +  N  = 
exp  (-^)  +  A  exp  (-  £  jj) 

^  =  E.  I  +  U^fE  +€  N^  ,  (1) 

dX  I  I  -  U^E  +£.N) 


The  model  for  the  sheath  is  the 
conventional  one  assuming  no 
generation  of  charges  in  the  sheath 
and  acceleration  of  the  positive 
ions  in  the  electrostatic  field  of 
the  sheath.  Scaling  the  equations 
to  the  Debye  length  so  that  the 
linear  dimension  is  Y  =  ^  X  and 
defining  the  potential  with 

respect  to  the  potential  at  the 
plasma  edge  ((*,  all  potentials  being 
normalized  to  the  electron 
temperature,  gives  - 

dJ^'=P,  ^=I-N-E,  U^  =  P 
dY  dY  dY 

and  lU  =  const. 

The  first  two  equations  are 
Poisson's  equation,  the  third  the 
ion  motion  and  the  fourth  the 
constancy  of  ion  flux.  I,  N  and  E 
are  the  normalized  positive  ion, 
negative  ion  and  electron  densities 
and  U  is  the  ion  velocity  normalized 
to  the  Bohm  velocity 

Writing  I  =  I',  N  =  N‘,  E  =  E‘  at  the 
plasma  'edge'  and  (=  W)  =  W*  we 
find  lU  =  1*U",  W  =  2  ^  +  W".  ; 


dX 

2UE 

(2) 

I  -  UME  +eN) 

r 

is  given  by  the 

zero  of 

denominator  or 

W*  =  expf-  j")  +  A  expf-  ^  i’)  and 
exp(-  0’)  +  Atexp(-  fc  0‘) 

=  (1  -  exp  -  i')  +^^(1  -  exp  jT) 
exp  -  0"  +  A  exp  (-  £  0“) 

With  0’  known  E*,  N*,  I’  can  be 

calculated  and  used  to  determine  J£/  ^ 
etc ,  above . 

The  general  plasma  solution 

In  this  case;,  quasineutrality  is  not 
assumed  and  equations  (1)  and  (2) 
are  supplemented  by 
^  =  I  -  N  -  E.  (3) 

^  dX* 

It  can  be  shown  that  for  there  to  be 
a  solution  symmetric  about  X  =  0 
i.e.  =0  requires 

dX  „ 

I,*(Ie  -  A  -  1)  =  2«<^  and  then  the 
integration  from  X  =  0  outwards  can 
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be  carried  out  given  that  Ej,  =  1, 

=  A,  U„  =  0. 

Physical  interest  centres  around 
values  of  oC  <  10'^  and  this  presents 
numerical  difficulties  in  the  sheath 
region  where,  in  general,  there  is 
required  to  be  a  transition  layer  to 
go  smoothly  from  the  plasma  to  the 
sheath. 

Matching  the  solutions 

For  the  reasons  just  given,  it  is 
more  convenient  to  integrate  the 
equations  (1,  2  and  3)  outwards  to 
say  ^  =  (fr  and  then  join  them  to  the 
modified  sheath  solution  obtained  by 
integrating  inwards  from  the  wall, 
but  now  allowing  for  charged 
particle  generation  so  that 
d  (lU)  =  -  E  replaces  lU  =  const. 
dY 

This  modified  sheath  solution  will 
correspond  to  modified  boundary 
values  which  have  to  be  determined 
in  order  to  achieve  a  smooth  join  to 
the  plasma  solution.  Thus,  we  write 
0'b  =  0b  +  A  0b»  Pb'  =  Pb  +  A  P,  U,>  =  U, 
+  A.  with  E^'  =  E(0fc')  and  1^'  =  E^'. 

£  /U'i  and  determine  A  A  P,,,  A  Ub 
to  achieve  continuity  of  I,  P  and  U 
and  their  derivatives  at  0  =  0'. 

The  eigenvalue  of  the  problem,  the 
value  of  Xb,  we  know  can  be  written 
Xb  =  X;(A,  £  )  +  X,*  [oC,  A,  £  )  + 

«<  ,  A,  £,  ) 

Xo'(A,  £  )  is  given  in  Table  I 


[1]  Ferreira  C  M  et  al ,  1988. 

J.Phys.D  21,  1403-13. 

(2]  Daniels  P  G  and  Franklin  R  N, 
1989.  J.Phys.D  22-,  780-5. 

{3]  Daniels  P  G  et  al,  1990. 

J.Phys.D  23,  823-31. 

(4]  Franklin  R  N  and  Snell  J, 

1992.  J.Phys.D  25,  453-7. 

(5]  Volynets  et  al,  1993. 
J.Phys.D  26,  647-56. 

(6]  Franklin  R  N  et  al,  1993. 

J.Phys.D  26,  1638-49. 

(7]  Franklin  R  N  and  Snell  J, 

1994.  J.Phys.D  22,  2102-6. 

(8]  Franklin  R  N  and  Snell  J, 

1995.  ICPIG  XXII,  pplOl-2. 

(9]  Forrest  J  R  and  Franklin  R  N, 
1968.  J.Phys.D  1,  1357-68. 

(10]  Franklin  R  N  and  Ockendon  J  R, 
1970.  J. Plasma  Phys.  4,  371-85. 


\ 

1 

10 

100 

0 

0.5765 

0.5709 

0.5708 

0.1 

0.6279 

0.5721 

0.5708 

1 

1.142 

0.5881 

0.5714 

10 

6.279 

1,870 

0.5891 

100 

57.67 

16.27 

5.091 

Table  I 
and  when  A  =  0 


Xb 

0 

0.5708 

10-^ 

0.5782 

10-^ 

0.6239 

10-‘ 

0.9694 

Table  II 


Tables  of  X,*  (c/ ,  A,  £  )  and  X^  (o(  , 
A,  £,  )  will  be  presented  at  the 
conference. 
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Introduction 

Though  plasma  nitriding  is  a  well  know  process  that  is 
widely  used  at  an  industrial  scale,  tlie  processes  that 
occur  in  the  vapour  phase  and  that  are  responsible  for 
the  surface  treatment  need  to  be  better  understood  in 
order  to  improve  the  process  and  allow  its  control  by 
means  of  plasma  diagnostic  measurements. 

In  this  way  we  carry  out  experimental  investigations 
by  means  of  optical  emission  spectroscopy  and 
Langmuir  probes  of  a  DC  pulsed  plasma  nitriding 
reactor  (figure  1)  working  under  the  following  main 
conditions  :  Nitrogen  gas  pressure  =  0.4  to  2  Torr  (1 
Tom=133  Pa);  Plasma  pulse  duration  (t^  =  0.1  to  10 
ms;  Afterglow  (between  two  successive  pulses) 
duration  (t  )  =  0.1  to  100  ms.  The  two  electrodes  have 

po 

50  mm  in  diameter.  The  cathode  consists  of  an  iron 
disk  (0  30  mm)  to  be  nitrided  which  is  inserted  in  a 
insulator  holder  and  surrounded  by  a  metallic  shield. 
The  gap  between  anode  and  cathode  is  fixed  at  a  value 
of  40  mm. 

Previous  results  showed  that  t  and  t  have  to  be 

«1  pd 

chosen  so  that  the  plasma  reactivity  be  high  enough 
and  that  the  gas  cooling  during  the  afterglow  be 
minimised  [1,2,  3].  In  fact,  a  long  afterglow  (tp^  >  5 
ms)  leads  to  a  strong  cooling  of  the  neutral  gas  and 
consequently  implies  a  more  difficult  plasma 
inception  as  well  as  a  change  in  the  discharge 
structure. 

In  order  to  better  understand  the  effect  of  the  energy 
transfer  from  the  discharge  to  the  neutral  gas,  we  have 
carried  out  a  comparison  between  experimental  results 
and  those  obtained  from  a  numerical  modelling  of  the 
reactor,  that  is  based  on  a  model  developed  by  P. 
Bayle  and  A.  Perrin  [4].  This  one  dimensional  model 
is  established  from  the  first  three  moments  of  the 
Boltzmann  equation  coupled  with  the  Poisson 
equation.  The  source  terms  and  the  transport 
coefficients  are  computed  taking  into  account  the 
breakdown  of  the  local  field  approximation  in  the 
cathode  fall.  This  model  has  been  improved  by  adding 
a  monoenergetic  electron  beam  issued  from  the 
cathode  in  order  to  take  into  account  the  high  energy 
electrons  in  the  cathode  fall  and  in  the  negative  glow. 

Results 

We  present  here  a  comparison  between  results 
obtained  from  the  model  and  from  plasma  diagnostics 
for  different  plasma  conditions  (pressure  ;  voltage). 


In  order  to  separate  the  gas  heating  from  the  other 
discharge  phenomena,  the  plasma  measurements  have 
been  performed  with  a  .short  plasma  pulse  (t^  =  0.1  ms) 
and  a  long  afterglow  (t^.^  =  50  ms)  so  that  the  neutral 
gas  temperature  remains  constant  (equal  to  the  room 
temperature)  during  both  the  discharge  and  the  post¬ 
discharge.  Under  these  conditions,  the  numerical 
description  of  the  discharge  agrees  well  with  the 
experimental  results,  as  can  be  seen  on  figure  2 
showing  current-voltage  characteristics  measured  and 
computed  for  different  working  pressures. 

The  optical  measurements  shown  on  figure  3a 
correspond  to  the  space  variation  of  the  intensity  of 
the  first  negative  system  of  Nj  (N,*(BT/,v=0)  —> 
N*{X^'L*,v'=0)  +  hv)  averaged  over  the  plasma  pulse 
(lOOps).  The  space  resolution  of  the  fibre  optic  is  1.5 
mm.  These  curves  point  out  the  extension  of  the 
negative  glow  in  the  whole  interelectrode  gap.  This 
phenomenon  is  clearly  increased  by  increasing  the 
discharge  voltage  owing  to  an  increase  in  energy  of 
the  electrons  issued  from  the  cathode  (z=()mm).  The 
same  behaviour  is  obtained  from  the  numerical  results 
(figure  3b)  which  show  a  similar  decrease  of  the  line 
intensity  from  the  cathode  to  the  anode.  The  small 
intensity  peak  observed  in  the  numerical  simulation 
can  be  explained  by  the  fact  that  in  the  model,  the 
electrons  of  the  beam  are  issued  from  the  cathode  with 
a  very  low  energy  and  are  accelerated  in  the  cathode 
fall,  thus  getting  in  the  near  vicinity  of  the  cathode  the 
energy  needed  to  ionise  and  to  excite  the  N/(B)  level. 
This  is  not  observed  on  the  experimental  curves  owing 
to  the  poor  resolution  of  the  optical  device. 

In  order  to  take  into  account  the  neutral  temperature 
and  density  gradient  in  the  interelectrode  gap,  the  next 
step  of  this  work  consisting  in  coupling  this  numerical 
model  with  a  two  dimensional  hydrodynamic  model 
of  the  neutral  gas  is  under  way. 
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Figure  l:scheinatic  drawing  of  the  experimental  reactor 


Figure  2: 1-V  characteristics 
Experimental  measurement:  symbols; 
Simulation:  solid  line 


Figure  3:  Line  intensity  of  the  first  negative  system  of  N2*(B)  (391.4  nm)  versus  distance  from  cathode 
for  different  discharge  voltage  :  (1)  6(X)  V  ;  (2)  800  V  ;  (3)  1000  V  ;  (4)  1200  V  ;  (5)  1400  V. 
a)  Experimental  data  -  b)  Numerical  data 

(Discharge  duration  :  100  (ts  -  Post  Discharge  duration  :  40  ms  -  Pressure  :  0.4  Torr) 
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1.  Introduction 

Low-temperature  plasma  generated  by  using 
discharges  in  pure  rare  gases  or  mixtures  containing 
rare  gases  forms  active  medium  in  gaseous  lasers.  They 
are  to  be  applied  as  carrier  gases  to  various 
technological  applications.  Processes  occurring  in  this 
medium  are  influenced  by  the  diflusion  of  the  excited 
neutral  species.  Assuming  the  positive  column  of  the 
glow  discharge  to  be  cylindrically  symmetrical  the 
radial  distribution  of  different  excited  neutral  atoms  in 
neon,  argon  and  helium  has  been  studied  by  means  of 
emission  spectroscopy  Results  achieved  contribute  to 
the  investigation  of  the  diffusion  processes  in  glow 
discharge. 

2.  Experimental 

Measurements  were  realised  in  the  Pyrex  glass  tube  of 
the  U-shape  whose  length  is  700  mm.  The  central  part 
of  the  (Uscharge  tube  (length  390  mm,  internal 
diameter  31.  8  mm)  is  equipped  with  Pyrex  head-on 
plane  windows.  The  original  scanning  system  for  the 
investigation  of  the  radial  alterations  of  the  intensities 
of  the  spectral  lines  is  described  in  [1]  in  greater 
details.  This  arrangement  consisting  of  the  negative 
and  positive  cone  mirrors  (apex  angle  90°)  selects  from 
all  rays  emitted  by  positive  column  rays  parallel  to  the 
optical  axis  having  the  form  of  the  hollow  cylinder 
whose  base  is  a  circular  zone  concentric  with  the  axis  of 
the  central  part  of  the  discharge  tube.  Both  optical 
surfaces  of  the  mirrors  are  coated  with  aluminium. 
Having  the  thickness  of  the  testing  cylinder  about  10  % 
of  the  internal  diameter  of  the  discharge  tube  D  the 
same  spectrum  is  to  be  obtained  compared  to  the  case 
when  the  testing  bundle  has  the  form  of  the  cylinder 
with  the  diameter  0.  ID  but  the  intensity  is  increased  by 
the  factor  of  80r/D  (r  is  the  radius  of  the  wall  of  the 
testing  cylinder).  The  optical  system  improves  total 
balance  of  power  of  the  radiation  detected  especially 
from  the  parts  of  the  discharge  tube  near  the  wall.  The 
motion  of  the  mirrors  in  the  direction  of  the  common 
axis  of  symmetry  is  related  by  a  linear  function  to  the 
radius  of  the  zone  which  forms  the  base  of  the  testing 
bundle.  The  thickness  of  the  zone  is  to  be  altered  in  the 
range  from  0  to  4  mm  by  two  diaphragms.The  spectral 
analysis  of  the  radiation  was  performed  by  means  of  the 
monochromator  SPM  2  (produced  by  Zeiss  Jena) 
equipped  with  the  grating  having  the  groove  density 


651  grooves  per  mm.  Monochromatic  radiation  is 
detected  by  the  photomultiplier  tube  Hamamatsu  R  928. 
Spectral  resolution  0.8  nm  was  achieved.  Radial 
scanning  was  performed  with  the  step  2  mm.The 
experimental  arrangement  is  to  be  used  for  radiation 
whose  wavelength  ranges  from  350  to  850  run.  Spectral 
range  is  limited  by  the  transmittance  of  the  window 
material  and  by  radiant  sensitivity  of  the  multialkali 
photocathode  of  the  photomultiplier  tube.  Pressure 
ranges  from  0.5  to  6  Torr  and  discharge  currents  do  not 
exceed  30  mA.  Spectrally  pure  gases  manufactured  by 
Moravskd  chemicke  zavody  Ostrava  were  employed  for 
filling  discharge  tube. 

3.  Results  and  discussions 

The  course  of  the  radial  profile  of  the  persistent  neon 
line  585.3  nm[2]  is  shown  in  Figure  1.  Intensities  are 
related  to  values  at  the  axis  of  the  central  part  of  the 
discharge  tube.  Radial  positions  are  related  to  inner 
radius  R  =  15.9  mm.  The  excited  states  of  the  neutral 
neon  atoms  whose  deexcitation  is  associated  with  the 
emission  of  the  lines  investigated  (spectral  range  580- 
725  tun)  are  mainly  formed  in  collisions  of  the  neon 
atoms  in  fimdamenlal  quantum  state  with  electrons  (i.e. 
e  +  Ne  e  +  Ne’).  Considering  pressures  up  to  2  Torr 
pressure  alteration  of  the  radial  profile  of  the  electron 
density  is  negligible  [3].  For  this  reason  the  radial 
difhision  of  this  excited  state  of  neon  depends  on 
pressure  slightly. 

The  radial  alterations  of  the  intensity  of  the  line  471.3 
nm  corresponding  to  deexcitation  of  the  excited  neutral 
atom  of  helium  are  plotted  in  Figure  2  for  pressures 
0.5,  1  and  2  Torr  (discharge  cunent  20  mA).  The 
pressure  dependence  of  the  radial  profile  of  the 
intensity  can  be  explained  by  the  changes  of  the 
diffusion  coefficient  which  is  inversely  proportional  to 
pressure.  Assuming  higher  pressure  excited  helium 
atoms  collide  with  neutral  species  more  frequently. 
This  process  results  in  deexcitation  (i.e.  He  (4^Si)  +  He 
->  He(2^,/2)  He). 

Investigating  positive  column  generated  in  pure  argon 
ionizing  waves  in  the  space  from  which  radiation  is 
collected  by  the  optical  system  were  detected.  This 
instability  influences  the  radial  profile  of  the  lines, 
especially  at  the  radial  position  r/R  =  0.31.  Figure  3 
e.xhibits  the  radial  profile  of  the  intensity  of  the 
persistent  argon  line  696.5  nm[2]  in  the  pressure  range 
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1-6  Torr.  The  courses  are  practically  the  same  for 
discharge  ciurents  20  and  30  mA. 


Fig.  1:  Radial  intensity  profile  of  the  persistent  line 
585.3  run  of  the  neutral  neon  atom  (transition  3s'[l/2]- 
3p'[l/2],  energy  of  initial  state  18.96  eV,  energy  of 
final  state  16.85  eV,  see  e.g.[4]). 


Fig.  2:  Radial  intensity  profile  of  the  line  471.3  nm  of 
the  neutral  helium  atom  (transition  4^Sr2^Pi/2,  energy 
of  initial  state  23.58  eV,  energy  of  final  state  20.96  eV, 
see  e.g.  [4]). 


Fig.  3:  Radial  intensity  profile  of  the  persistent  line 
696.5  run  of  the  neutral  argon  atom  (transition 
4s[l'/2]®-4p'['/2],  energy  of  initial  state  13.33  eV, 
energy  of  final  state  1 1.55  eV,  see  e.g.  [4]). 
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1.  Introduction 

The  spectra  emitted  by  glow  discharge  positive  column 
in  the  pure  oxygen  and  in  its  mixtures  with  neon  and 
argon  are  studied.  In  this  paper  we  are  concentrating  on 
the  dominant  wave  lengths  of  the  pure  oxygen  in  the 
glow  discharge.  It  means  both  the  lines  corresponding 
to  transition  between  atomic  oxygen  levels  (777.4  run 
and  844.7  run)  and  the  atmospheric  A-band 
corresponding  to  neutral  oxygen  molecule  transitions 
and  represented  by  its  head  (759.4  run)  and  origin 
(761.9  run)  are  studied.  Influence  of  neon  and  argon  on 
these  lines  in  the  dependence  on  the  pressure,  discharge 
current  and  portion  of  fSre  gas  in  the  mixture  is 
analysed. 

2.  Experimental 

All  our  measurements  were  realised  in  the  discharge 
tube  of  U  -  shape,  the  length  of  which  was  700  mm  and 
the  internal  diameter  32  mm.  The  central  part  of  the 
discharge  tube,  390  mm  long,  had  Pyrex  head-on 
windows.  The  radiation  across  the  discharge  tube  in  the 
direction  of  the  axis  of  symmetry  was  collected  by  a 
positive  lens  to  the  entrance  slit  of  the  monochromator 
and  after  that  was  detected  photomultiplier  tube. 
Range  of  analysed  wave  lengths  was  fi'om'  350  rrm  to 
850  run.  Our  study  was  realised  for  the  pressures  up  to 
800  Pa  and  discharge  currents  up  to  30  mA  Under 
such  discharge  conditions  the  radiant  power  was  very 
weak  (mainly  in  the  pure  oxygen)  and  only 
arrangement  described  above  and  relatively  large  slits 
on  monochromator  allowed  us  to  detect  sufficient 
signal  of  the  lines  and  bands.  The  spectral  resolution 
was  0.8  run.  In  the  mentioned  discharge  condition  in 
the  pure  oxygen  there  are  exist  two  forms  of  the 
positive  coliunn  -  H  form  with  higher  axial  electric 
field  and  T  form  with  lower  one  [1] .  If  both  forms  in 
the  discharge  tube  exist  simultaneously,  it  is  not 
possible  to  use  oru  experimental  device  for  optical 
analyses.  For  this  reason  we  will  focrrs  on  such 
pressures,  discharge  currents  and  composition  of  the 
oxygen  rare  gas  mixture,  where  the  H  form  is  in  the  all 
straight  part  of  the  discharge  tube. 

3.  Results  and  discussion 

3.1  Pure  oxygen 

Considering  our  ejqjerimental  conditions,  T  form  of  the 
positive  colunui  exists  for  800  and  530  Pa 
simultaneously  with  the  H  form  so  that;  our  analyses 
will  be  concentrated  on  the  pressures  65,  130  and  270 
Pa.  Dependence  of  the  relative  intensity  of  the  head  and 


origin  of  the  A-band  it  is  seen  in  the  figiue  1.  The 
increasing  intensity  of  both  lines  is  evident  if  discharge 
current  or  oxygen  pressure  are  increased. 


Fig.  1:  Dependence  of  relative  intensity  of  the  head 
(759.4  nm)  and  origin  (761.9  run)  of  A-band 
on  oxygen  pressrue  (*..65  Pa,  x.,l30  Pa, 
+..270  Pa)  and  discharge  current. 

Because  excited  oj^-gen  molecule  is  created  by  direct 
electron  impact  e+C)2  =  e+  02,the  increase  of  A- 
band  characteristic  lines  is  coimected  both  with 
increasing  electron  density  with  pressure  and  with 
discharge  current  in  the  discharge;  and  with  increasing 
concentration  of  the  neutral  molecules  with  pressure. 
Similar  dependence  of  the  relative  intensities  for  lines 
777.2  nm  and  844.7  nm  is  shown  in  the  figure  2. 


Fig.  2:  The  dependence  of  relative  intensity  of  lines 
777.4  run  and  844.7  nm  on  the  discharge 
current  and  oj^gen  pressure  (  *..65  Pa.  x,.i30 
Pa,  +..270  Pa). 
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These  triplets  correspond  to  the  deexcitation  of  the 
oj^gen  atom,  whose  creation  is  predicted  or  by 
dissociative  excitation  e  +  02  =  e  +  O  +  O*  or  by 
direct  excitation  of  oxygen  atom  e  +  O  =  e  +  O*  [2], 
From  the  figure  2  it  is  seen  that  the  greatest  relative 
intensity  corresponds  to  the  pressure  130  Pa  for  both 
lines.  It  follows  that  additional  contribution  of  ojg'gen 
causes  the  lower  level  of  dissociative  excitation  and  also 
of  dissociation. 

3.2  Mixtures 

The  same  lines  in  the  mixtures  with  neon  or  argon  were 
analysed,  instead  of  origin  of  A-band  by  mixtures  with 
argon,  where  the  intensive  argon  lines  near  its  wave 
length  are  more  significant.  It  was  possible  to  detect  by 
means  of  our  optical  anangement  also  our  analysed 
lines  at  higher  pressures  with  higher  portion  of  inert 
gas,  where  T-form  did  not  exist  more.  It  is  possible  to 
say  generally  that  lines  of  oxygen  atoms  are  very 
intensive  in  the  mixtures,  argon  influence  being  more 
significant.  On  the  other  hand  the  atmospheric  band  is 
less  important,  for  instance  for  130  Pa  in  the  mixture 
with  argon  is  practically  undetected.  It  means  that  inert 
gas  helps  to  dissociate  the  oxygen.  Situation  for  head  of 
A-band  is  depicted  in  the  figure  3  for  the  discharge 
current  20  mA  The  same  results  for  measured  10  and 
30  mA  were  obtained. 


Fig.  3:.  Dependence  of  the  relative  intensity  of  the  head 
of  A-band  (759.4  run)  on  the  portion  of  neon 
and  total  mixture  pressure  (  •..130  Pa,  X..270 
Pa,  A.. 530  Pa)  and  on  the  portion  of  argon  and 
total  mixture  pressure  ( ®.  .270  Pa,  A. .  530  Pa  ). 

From  this  figure  it  is  seen  that  relative  intensity  of  the 
A-band  head  decreases  relatively  slowly  with  increasing 
portion  of  the  inert  gas.  Similar  situation  was  foimd  for 
the  origin  of  this  band  in  the  mixture  with  the  neon.  It 
can  be  ejqjlained  Ity  the  fact  that  upper  level  for  A-band 
is  highly  populated  and  has  the  long  radiative  life  time 
[3]  .  In  the  figure  4  the  situation  for  the  line  777.4  nm 
of  atomic  ojgfgen  is  shown  for  the  discharge  current  20 


mA  and  mixture  pressure  270  Pa.  The  same 
dependence  was  found  for  the  line  844.7  nm. 


Fig.  4:  Relative  intensity  dependence  of  the  oxygen 
atom  fine  777.4  nm  as  a  function  of  portion  of 
neon  (•)  and  argon  (°)  for  270  Pa  and  20  mA 

From  this  figure  it  is  seen  that  inert  gas  causes  decrease 
of  excited  oxygen  atoms.  Similar  situation  for  others 
measured  pressures  and  discharge  currents  was  found, 
not  only  for  line  777.4  nm  but  also  for  line  844.7  nm. 
There  are  several  mechanisms  for  explanation  of  this 
effect.  Instead  of  higher  dissociation  degree,  it  is 
possible  also  transfer  of  excitation.  This  fact 
corresponds  with  the  fact  that  influence  of  the  argon  is 
more  significant  due  to  its  levels  above  11  eV,  which  is 
near  the  uppers  levels  of  these  triplets  [4] . 
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1  Introduction 

Recently,  theoretical  and  experimental  investiga¬ 
tions  of  inhomogeneous  plasmas  which  include  RF 
and  DC  glow  discharges  have  been  developed,  be¬ 
ing  related  to  the  electron  kinetics  [1,2].  For  ex¬ 
ample,  such  an  inhomogeneity  can  be  observed 
in  the  radial  direction  of  DC  positive  column 
which  is  classic  and  representative.  At  present 
time,  a  nonlocal  kinetic  approach  proposed  by 
Bernstein  and  Holstein  [3]  has  been  used  to  de¬ 
scribe  the  electron  behavior  in  coUisional  DC  dis¬ 
charge  plasmas.  Electron  behavior  in  collision- 
dominated  plasma  is  governed  by  the  collision 
processes.  The  electron  momentum  is  easily  re¬ 
laxed  within  a  short  length  corresponding  to  the 
electron  mean  free  path,  while  the  electron  energy 
is  relaxed  in  a  distance  much  longer  than  the  mean 
free  path  [2]. 

The  bulk  of  EEDF  in  He  discharges  nonlo- 
cally  depends  on  the  ambipolar  potential,  since 
the  majority  electrons  can  behave  collisionless- 
like  due  to  a  long  energy  relaxation  length.  On  the 
other  hand,  the  bulk  of  EEDF  in  N2  discharges 
may  be  locally  determined  by  the  local  electric 
field  due  to  a  short  relaxation  length  related  to 
the  vibrational  collision  processes.  Such  a  differ¬ 
ence  of  the  electron  behavior  may  be  attractive 
from  view  point  of  the  physical  interest. 

The  aim  of  the  present  paper  is  to  investi¬ 
gate  the  radial  dependence  of  EEDF  in  N2  and 
He  positive  columns. 

2  Experimental 

The  discharge  is  produced  in  a  1.8  {2R) 

glass  chamber,  in  which  the  gas  pressure  p  is  from 


0.32  Torr  to  1.0  Torr  and  the  discharge  current 
Id  range  from  20  mA  to  100  mA.  A  single  probe 
(0.08  mm-<^  and  1  mm  in  length),  which  is  mov¬ 
able,  is  installed  to  detect  the  EEDF.  Accord¬ 
ing  to  Druyvesteyn  formula,  the  EEDF  can  be 
deduced  by  using  a  finite  impulse  response  filter 
method  [4]. 

3  Results  and  Discussion 

Typical  radial  dependences  of  the  electron  en¬ 
ergy  probability  function  (EEPF)  in  He  and  N2 
of  p=0.96  Torr  and  7^=80  mA  with  respect  to  the 
total  energy  are  shown  in  Figs.  l(a),(b),  respec¬ 
tively.  In  He  discharges,  the  bulk  of  the  EEPF 
at  any  radial  position  r  are  shifted  by  the  corre¬ 
sponding  DC  ambipolar  potential,  since  the  en¬ 
ergy  relaxation  length  for  electrons  with  the  en¬ 
ergy  below  20  eV  is  much  longer  than  the  tube 
radius.  The  electron  behavior  is  described  by  the 
non-local  kinetics  based  on  the  potential,  while 
there  is  ambiguity  in  applying  the  non-local  ki¬ 
netics  to  electrons  with  the  energy  higher  than  23 
eV. 

On  the  other  hand,  the  bulk  of  EEDF  mea¬ 
sured  at  r  is  independent  of  the  ambipolar  poten¬ 
tial,  while  its  tail  (e  >  4  eV  :  e  the  electron  ki¬ 
netic  energy  )  depends  on  the  potential,  since  the 
relaxation  length  for  low  energy  electrons  which 
may  be  correlated  with  the  vibrational  collision, 
is  much  shorter  than  the  tube  radius  and  that  for 
high  energy  electrons  (s  >  4  eV)  is  much  longer. 
Thus,  the  behavior  of  electrons  with  such  a  low 
energy  can  be  determined  by  the  local  electric 
field.  However,  the  effective  electron  temperature 
Te/f,  which  can  be  estimated  by  the  measured 
slope  of  the  bulk  (d  log(/(r,£))/d£  :  f{r,e)  the 
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(a) 


Total  Energy(eV) 


Fig.l  Radial  dependence  of  the  EEPF  for  He  in 
(a)  and  N2  in  (b),  where  r=0,  2,  4  and  6  mm  are 
shown  by - ,  —  •  — ,  •  •  - ,  respectively. 


local  EEPF),  gradually  decreases  from  the  axis  to 
the  wall,  as  shown  in  Table  1.  This  phenomenon 
may  be  caused  by  the  diffusion  cooling  and  the 
decrease  of  the  superelastic  collision  towards  the 
wall.  Further  experimental  and  theoretical  inves¬ 
tigations  for  the  variation  of  effective  temperature 
towards  the  wall  wiU  be  necessary. 

Table  1.  Radial  variation  of  (  eV),  where 

/d=:40mA,  80mA  and  p=0.96  Torr 


r(mm) 

^e//  |40m,A 

Tef  flsOmA 

0 

1.82 

1.99 

2 

1.76 

1.96 

3 

1.76 

1.91 

4 

1.75 

1.78 

5 

1.74 

1.68 

6 

1.64 

1.55 

7 

1.42 

1.22 

4  Concluding  remark 

In  the  He  discharge,  the  EEDF  measured  at  r 
can  be  approximated  by  shifting  the  EEDF  mea¬ 
sured  at  the  tube  axis  by  the  ambipolar  potential 
from  the  axis  to  the  wall  except  for  its  tail.  On 
the  other  hand,  the  bulk  of  EEDF  measured  at  r 
in  the  N2  discharge  is  independent  of  the  ambipo¬ 
lar  potential,  while  its  tail  (e  >  4  eV)  depends  on 
the  potential. 
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Introduction 

The  structure  of  die  high-current  diffiise  dis¬ 
charge  in  magnetic  field  is  considered  in  this  work. 
Experimental  researdi  of  file  powetfiil  quasi-stationary 
discharge  in  m^netic  field  [1]  aflowed  to  estabfish 
existence  of  steady  state  finms  which  did  not  transform 
in  arc  at  high  current  density:  1)  high-current  magnetron 
discharge,  having  an  increasing  voit-ampeie 
characteristics  wd  the  current  iq)  to  250  A  (cathode 
current  density  iq)  to  25  A/cm^  and  2)  high-current 
difihse  discharge,  existing  at  currents  up  to  2000  A 
(current  density  iqi  to  90  A/cm^.  Ihe  later  form  of 
discharge  had  burned  at  constant  volh^  of  75r-120  V, 
which  practically  did  not  depend  on  current,  pressure, 
and  geometry  of  oossed  elektical  and  magnetic  fields, 
life  time  ofthe  discharge  was  1.5r-40nis. 


Modd  of  the  discharge  structure. 

Analysis  of  file  experimental  volt-ampere 
characteristics  at  various  pressures,  inductions  of  a  mag¬ 
netic  together  wifii  analyses  of  parameters  of  discharge 
plasma  (density  and  el^on  temperature)  allowed  to 
assume,  fiiat  the  structure  of  the  high-current  diflhse 
discharge  essentially  dififers  fiom  that  of  bofii  magnetron 
discharge,  vriiich  is  diaiacterized  by  prevalence 
secondary  ^hoto-  and  icm  -  electron)  emission  fi:om  file 
cathode  and  Townsend  mechanism  of  kmisaticHi,  and 
arc  dischaige,  aduch  is  characterized  by  prevalence 
thermal-airtoelectronic  emission  and  fiieimal  mechanism 
of  ionization. 

From  erqierimenlal  data  follows,  fiiat  trans¬ 
formation  of  magnetron  dischaige  in  hi^-current 
fuse  discharge  is  possible  if  fiie  density  of  plasma  can 
reach  some  critical  vahie  (n^  lO'^  cm'^  corresponding 
to  small  Debye’s  radius.  Comparison  of  the  fiuckness  of 
positive  charge  layer  near  the  cathode  surfece 


corresponding  to  the  electron  density  of  discharge 
transfoimaticm  to  file  high-current  diSiise  mode,  wifii 
the  fiee  pefii  between  dectron-atom  or  electron-ion 
collisions  X«.am>e-/  (high  pressure)  and  file  height  of 
electrons  trajectory  over  file  cafiiode  surfece  when 


moving  in  cross  fidds 


A,  =  Ouw  pressure), 

e  B,  ■ 


allows  to  suggest  fiiat  the  cafiiode  layer  is  collision  fi»e. 


Increase  of  file  plasma  doisily  wifii  current  even 
strengthens  the  condition  e-am,e-i'J^e 

Puasson  equation  for  cr^kmless  layer  of  the 
dfediarge  can  be  written  as; 


d^U 


J,={\-S)j  =  eny„ 


1+r 


where  f=^i,+^kv  -  coefficient  of  secondary  emission, 
caused  both  by  km  -  electron  and  photo  dectirm 
emission.  This  equation  determines  intensity  of  decliic 
fidd  near  file  cafiiode  surfece  and  magnitude  of  the 
cafiiode  potential  [2]: 


From  probe  measurements  follows  that  dependence  of 
ifiasma  density  on  file  discharge  current  is  practicdly 

linear.  Besides,  it  follow  -  that 


does  not  depend  on  as  is 

observed  expeiimentaily.  Presence  of  file  cdUsionless 
cafiiode  layer  make  impossible  prevdence  of  file 
Townsend  mechanism  of  ionizatiim  in  the  cafiiode  fill 


potential  This  allows  to  assume  fiiat  file  basic  kmization 
processes  go  in  file  dischaige  plasma. 

Bahnce  of  power  in  file  hi^-ouirent  quasi- 
stationaiy  diffuse  dischaige  can  be  written  as 


I  AT.  + +  Pr 

where  -  totd  power  dqiosition  in  the  disdiaige 


volume;  -  power  spent  on  kmi- 

zatiiai,  and  removed  fiom  file  dischaige  area  by  diaiged 
paitides;P,-  power,  spent  fin  heating  of  gas;  Py  -  power 
of  radiation;  Et  -  ionization  energy.  FoOowii^  [3]  power 
of  radiation  can  be  written  as 


=  VJ  =  155- 10’” 


ptW/cm^ 
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where  V  -  vohune,  occiqned  by  plasma  of  tfie  discharge, 
J  -  int^rated  ladiadon  ahi^  including  collision 
ladiatian,  recombinati(Mi  radiation  and  radiation  in  die 
linear  tqiectrum;  Eg  -  binding  energy  of  die  lowest  leveL 
From  die  balance  of  energy  in  the  discharge 
and  quasi-stadonary  equation  of  diemial  balance  of  gas 
ui  disdiaige  area  it  follow 

That  is,  die  temperature  of  ions  and  gas  can  reach 
significant  value 

3  I, 

L  *  e 

where  T,  -  quasi-staticmary  temperature  of  gas.  To  - 
temperature  of  dectrodes,  M,  •  weight  of  gas  in  the  <hs- 
drarge  volume,  C,  -  heat  c^wdty  at  constant  pressure, 

-  heat  removal  fiequency,  ;f= 

MhgCp 

Aj.  -  diaracterisdc  heat  removal  length,  k  -  thermal 
conductivity  of  gas  temperature  Tg,M-  atomic  we^t; 
Hg  -  concentration  of  gas  mdecules  S  -  cross-section. 
For  plane  layer  with  distance  between  electrode  L,  At 
equals 

Fra:  example  for  typical  parameters  of  die  high- 
current  difihse  discharge,  7^540  A,  and  t7/=90  V,  p=0.1 
tocr,  6=0.8  kGs,  temperature  of  gas  widi  taking  into 
account  of  radiation,  is  7',=3.2  eV,  idiile  for  7>=1500  A, 
r,=5.4eV. 

These  values  of  temperatures  and  the 
respective  {dasma  densities  allow  to  assume,  diat  die 
basic  mechanisms  of  ionization  in  die  hi^-current 
diffuse  discharge  are  ionization  by  fiist  elections  in  bulk 
plasma  and  thermal  ionization. 

Determination  of  the  average  density 
of  the  discharge  current 

One  of  major  parameters,  characterizing  the 
mechanism  of  the  discharge  maintenance  and  the 
electron  emissirai  fiom  the  cathode  is  die  cathode 
current  density  (/e).  The  value  of  Jc  was  determined  firran 
simultaneous  measurements  of  time  dependencies  of  the 
current  and  vidtage  of  the  discharge  combined  with 
idiotogr^hy  of  die  discharge  area  using  the  high-speed 
fiame  camera  in  die  shot  mode  of  time  scanning 
(resolution  SO  ps/shot).  The  measurements  were  carried 
out  in  die  range  of  current  5i-2000A  in  die  planar 
magnetron  in  argon. 

In  the  area  of  die  preliminary  discharge,  the 
luminescence  occupies  a  t^  ring  with  &3.Scm^ 
corresponding  to  area  of  maximum  induction  of  the 
magnetic  field,  hi  case  when  the  discharge  transforms  in 
d»  high-current  difi^  mode,  die  luminescence  area 
becomes  a  homogeneous  ring  or  sector  widi 
5=20+40  cm^.  The  density  of  die  cadiode  current  in  diis 
case  becouMs  as  high  as  reaches  40+90  A/cml 


The  high-speed  photogrqihy  allows  to 
estatdish  difference  between  arc  dischaiges, 
characteiized  by  a  luminescence  having  the  form  of 
bright  point  in  the  region  of  die  cadiode  ^t, 
development,  which  is  moved  by  die  magnetic  field,  and 
high-current  diffese  discharge  having  die  homogeneous 
luminescence  that  allows  to  limit  mean  draisity  of  die 
ctdhode  current  down  to  90  A/cm^ 

Spectral  structure  of  radiation  fhmi 
the  fdasma  hi^-current  diffiise  dtecharge. 

Spectral  structure  of  radiation  from  plasma  of 
quasi-stadonary  high-current  diffbse  discharge  of  low 
pressure  was  determined.  The  discharge  was  frnmed  in 
die  magnetic  field  with  the  induction  down  to  1  kGs  in 
argon  at  pressure  down  to  1  ton  and  had  the  followii^ 
parameters:  die  current  350+800  A,  voltage  -  90  V, 
pulsing  power  30+80  kW,  density  of  plasma  (2+ti) 
lO'^cm'^  The  measurement  was  made  in  die  range  of 
wave  lengths  440+900  nm.  The  oqierimentel  qiectrum 
did  not  contain  lines  which  bekn^ied  to  die  material  of 
the  cathode  (Cu)  or  other  metal  impurity.  This  result 
shows  that  there  was  neidier  ^gnificant  cathode 
sputtering  nor  evr^xnation  of  the  electrodes  materials. 
This  means  diat  the  aver^  energy  of  ions,  accelerated 
by  the  dischaige  cadiode  layer  less  diat  die  guttering 
threshold,  and  the  surfrice  temperature  of  die  cathode 
(average,  and  in  period  of  a  cunent  pulse)  was  less  dien 
the  evtqxMation  temperature. 

Conclusions  about  limitations  of  boi^t 
cathode  current  den^  and  cathode  surfiice  temperature 
togetherwilh  calculations  oftfae  electrical  field  intensity 
near  die  cadiode  sur&ce  allowed  to  condude  diat 
contribution  of  thermal  autodectron  emission  in  the  net 
emission  current  is  small  and  can  be  exduded  as  die 
prevailing  mechanism  of  mamtenance  of  the  h^- 
cunent  diffiise  discharge. 

Conclusion. 

From  erqierimental  results  and  model 
estimations  it  follows  that  the  structure  of  die  high- 
current  diffuse  discharge  is  characteiized  by 

1.  Existence  of  a  collisionless  cadiode  layer  and  area  a 
bulk  plaona,  being  an  active  zone  of  the  discharge  with 
prevalence  of  diermal  mechanism  of  ionization; 

2.  Prevalence  of  the  mechanism  of  secondary  (photo- 
andion-dectron)  cadiode  emission, 

that  distinguiBhes  it  frran  classical  magnetrons  and  arcs 
of  the  dischaiges. 

This  work  siqiported  by  Russian  Foundation  of 
Basic  Researches  (grant  9S-2-04429a). 
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It  has  been  reported  previously  [1,2],  that 
under  certain  conditions  an  interaction  of  negatively 
biased  electrodes  with  plasma  flows  produced  by 
means  of  the  electron  beam  driven  discharge  sets 
unstable.  The  main  factor  determining  the  instability 
development  is  bombardment  of  the  surface 
exhibiting  enhanced  secondary  emission  with 
superthermal  electrons.  So,  the  current  versus 
voltage  characteristic  (CVC)  for  such  an  electrode 
has  a  strongly  marked  current  drop  (similar  to  N- 
shaped  CVC  of  tunnel  diodes  but  expanded  by  3-4 
orders  of  I-U  magnitudes).  Tuneable  RF  high 
voltage  electromagnetic  oscillations  can  arise  in  the 
coupled  LC-contour.  Superthermal  electrons  occur 
not  only  in  beam-plasma  discharges.  They  are 
pronounced  in  glow  discharges  and  particularly,  in 
Penning  discharge.  So,  it  is  of  interest  to  investigate 
the  possibihty  of  self-excitation  of  RF  oscillations  in 
this  type  of  discharge.  The  test  cell  with  Penning 
geometry  has  been  constructed  to  meet  the 
conditions  for  autogeneration  of  RF  oscillations  in 
the  cold  cathode  circuit.  Its  concept  and 
experimental  results  on  transitions  to  self- 
maintained  auto-oscillating  regimes  are  presented. 

The  schematic  diagram  of  the  experimental 
apparatus  is  shown  in  fig. la.  It  consists  of  the 
cylinder  anode  (  50  mm  in  diameter  and  800 
mm  long ),  water  cooled  magnetic  coils. 


Fig.l.  a)  Schematic  diagram  of  the  experimental 
Penning  cell  (1  -  magnetic  field  coils,  2  -  cathode 
plates,  3  -  vacuum  vessel);  b)  equivalent  electrical 
scheme. 


two  cathodes  with  removable  and  water  cooled 
plates.  The  working  gas  pressure  can  be  varied  in  the 
range  10-3-10  Pa,  the  maximum  magnetic  field  is 
0.2T.  Cathodes  have  separate  biasing  suppUes  and 
the  anode  is  under  ground  potential.  Cathode 
currents  and  voltages  can  be  observed  on  the 
oscilloscope  monitor  by  means  of  Rogovsky  cods 
and  RF  voltage  dividers.  Discharge  plasma 
parameters  are  controlled  by  Langmuir  probes, 
mass-  and  energy  analysers  (not  shown).  One  of  the 
cathodes  has  a  diagnostic  orifice. 

The  operation  principle  of  the  apparatus  can 
be  cleared  up  by  a  simplified  model,  if  at  first  the 
initial  mechanism  of  discharge  excitation  is  left  out 
and  cathodes  are  considered  under  bombardment  of 
ternary  flows:  ions,  thermal  electrons  (Te~10  eV)  and 
superthermal  electrons  with  energies  distributed  in  the 
range  of  some  hundreds  of  eV.  The  cathode  plate  is 
assumed  to  be  made  of  a  material  with  enhanced 
electron-electron  secondary  emission.  Notably  high 
secondary  e-e  emission  is  pecuhar  to  materials,  which 
form  stable  oxide  films,  thin  enough  to  be  conductive 
at  low  potential  drops  (Al,  Mg,  Be,  for  instance). 
Fig.2  shows  an  example  of  the  instantaneous  cathode 
CVC  obtained  by  computer  integration  with  use  of 
experimental  (time-averaged)  data  on  ion  and 
electron  saturation  currents,  discharge  plasma 
potential,  electron  energy  distribution  function  and 
Uterature  data  on  energy  dependencies  for  secondary 
ion-electron  y(E)  and  electron-electron  cr(E)  eniissions 
[3,4].  Oxide  films  on  the  surface  of  Al-Mg  cathodes 
used  in  experiments  have  a~5-10  under 
bombardment  by  electrons  with  energies  in  the  range 
of  200-600  eV.  Other  emissive  mechanisms  are 
neglected,  though  in  real  conditions  a  photoemission, 
micrbdischarges  and  a  direct  electron  tunnelling 
through  dielectric  films  can  take  place. 


Fig.2.  Simulated  instantaneous  CVC  for  one  cathode; 
I,II-two  types  of  loading  characteristics;  dashed  lines 
and  arrows  -  an  imaginary  phase  cycle. 
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change  of  the  current  with  cathode  negative  bias 
relative  to  plasma  potential  (which  approaches  the 
anode  potential)  due  to  both  repulsion  of  thermal 
electrons  and  backward  acceleration  of  secondary 
electrons.  Further  increase  of  the  negative  bias  above 
500V  results  in  repulsion  of  almost  all  superthermal 
electrons.  So,  the  cathode  current  decreases  to  much 
lower  values  dependent  only  on  ions  bombardment 
of  the  cathode  surface. 

The  principle  electrical  scheme  of  the 
cathode  circuit  is  presented  in  fig. lb.  Its  outer  part 
includes  the  DC  bias  supply  E,  the  inductance  L,  the 
active  resistance  R.  The  cathode-plasma  contact  is 
assumed  as  non-linear  resistance  Rn  and  plasma 
sheath  capacity  C(U)  coupled  in  parallel.  It  is 
convenient  to  characterise  the  circuit  state  by 
cathode  voltage  U(t)  and  full  current  I(t)  The  circuit 
behaviour  can  be  described  by  the  equations: 


(1) 

(2) 


where  In  (U)  is  instantaneous  cathode  CVC.  The 
phase  trajectory  [U(t),I(t)]  is  determined  by  concrete 
circuit  parameters  and  has  always  the  clockwise 
direction.  The  equiUbrium  points  A  and  C  are  stable, 
the  point  B  is  never  stable  and  caimot  be  achieved. 
The  auto-oscillations  arise  around  D,  provided 
L/CR>|  Rdl  (Rd  -  differential  negative  resistance  at 
D).  In  A  and  C  states,  external  pulses  or  inherent 
fluctuations  can  trigger  transition  to  metastable 
states.  A  negative  high  voltage  pulse  can  be  formed 
by  one  cycle  motion  along  the  phase  trajectory  for 
A-type  working  point  and  a  positive  -  for  C.  When  L 
is  large  enough,  dl/dt  is  small  and  phase  trajectory 
transitions  from  one  CVC  branch  to  the  other  one 
are  almost  parallel  to  U  axis.  U  in  maximum  can 
reach  extremely  high  values  due  to  the  gentle  slope 
of  the  high  voltage  CVC  branch,  the  dU/dt  rate 
increasing  with  voltage  bias  (up  to  10‘W/s)  through 
the  decrease  of  C(U). 

Three  operation  modes  with  generation  of 
auto-oscillations  have  been  observed  in  test 


U  ,V 

-1500  -1000  -500  0  500 


Fig.3.  Average  discharge  current  vs  applied  voltage. 
Working  gas  H2,  p=3.8*10^Torr.  The  dashed  line 
determines  a  range  of  voltage  oscillations. 


Fig.4.  Voltage  oscillogram  for  discharge  parameters: 
H2,  p=3.8*10-^Torr,  average  discharge  current  Ic=- 
1.2A,  appUed  voltage  Uc=-360V  (0. 2 |r s/unit). 

experiments:  1  -  auto-oscillations  are  excited  in  only 
one  cathode  circuit  (similar  mode  can  be  reahsed  for 
one  cathode  discharge  cell  by  replacement  of  the 
other  cathode  with  magnetic  plug);  2  -  auto¬ 
oscillations  are  excited  in  both  circuits 
independently;  3  -  the  circuits  are  coupled  through 
inductances. 

Though  voltage  pulses  exceeding  1 0  kV  are 
realised  experimentally,  the  unperturbed  auto- 
oscUlation  regimes  (without  external  discharges)  are 
limited  by  electric  strength  of  the  cathode  assembly 
to  moderate  U(t)  amplitudes  -  1-2  kV.  Fig.3 
corresponds  to  the  third  operation  mode,  when  two 
identical  cathode  circuits  are  counter-phased.  The 
disruption  in  the  time-averaged  CVC  is  accounted 
for  self-excitation  of  powerful  auto-oscillations. 
Fig.4  demonstrates  high  voltage  cathode  oscillations 
with  rather  complicated  hannonic  spectrum.  It  is 
interesting  to  note  that  at  some  intervals  cathode 
plate  obtains  a  positive  potential.  According  to 
probe  measurements  the  plasma  potential 
oscillations  have  much  lower  amplitude  compared 
with  cathode  voltage  oscillations  (tens  of  volts  near 
the  ground  potential). 

The  experimental  results  show  that  in 
contrast  to  the  conventional  Penning  discharge  the 
observed  auto-oscillation  modes  exhibit  some 
features  peculiar  to  the  y-fonn  of  RF  capacitive 
discharges.  The  detailed  model  including  self- 
correlated  effects  in  the  discharge  bulk  volume,  in 
the  sheath  and  on  the  plasma  facing  surfaces  is  to  be 
developed. 
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In  general  case,  the  electron  distribution 
fiinction  (EOF)  in  a  spatially  non-uniform  electric  field 
can  be  found  by  solving  the  Boltzmann  kinetic 
equation.  In  the  case,  when  the  characteristic  non- 
uniformity  length  L  is  higher  than  the  energy 
relaxation  length,  the  EDF  is  not  determined  by  local 
values  of  the  electric  field  and  becomes  spatially  “non¬ 
local”.  Note  that  in  experiment,  the  EDF  non-locality  is 
observed  at  low  pressure,  when  the  spatial  dependence 
of  the  EDF  is  determined  only  by  the  electron  potential 
energy  in  the  space  charge  electric  field  [1,2].  A 
physical  foundation  for  this  assumption  are  the 
following  considerations:  for  low  gas  pressure,  the 
motion  of  electrons  in  the  space  charge  electric  field  is 
detennined  by  their  total  energy  e  =  Wk  -  eV,  where  Wk 
and  (-eV)  is  the  kinetic  and  potential  energies 
respectively.  In  this  case,  the  experimentally  measured 
EDFs  for  different  spatial  points  should  coincide  when 
we  take  into  accoimt  the  shift  in  the  energetic  space 
equal  to  the  potential  difference  between  the 
corresponding  points.  Such  an  effect  has  been  foimd 
experimentally  in  measmements  of  the  EDF  in  Ar  RF 
discharge  [3,4]. 

In  this  work,  using  the  experimentally 
measured  EDF  in  various  spatial  points  in  the  O2  DC 
discharge  [5],  we  have  carried  out  the  analysis  of  the 
applicability  of  the  two-term  approximation  (TTA)  for 
the  EDF  calculation  taking  into  accoimt  the  spatial 
non-locality.  As  a  rule,  for  a  DC  discharge  in  a 
cylindrical  tube,  the  radial  electric  field  Er  is  taken  into 
account  only  in  macroscopic  electrodynamical 
equations,  but  it  is  ignored  in  the  kinetic  equation  for 
the  EDF,  which  is  assumed  to  depend  only  on  the 
uniform  axial  field  E^.  The  field  Ej,  which  is  due  to  the 
space  charge,  is  a  “cooling”  one  with  respect  to  E^.  It  is 
obvious  that  the  EDF  non-locality  should  be  observed 
when  Ez  ~  E^. 

The  scheme  of  the  experimental  set-up  and  its 
detailed  description  is  given  in  [5],  where  the  effect  of 
non-locality  of  the  electron  energy  spectrum  in  an 
electronegative  gas  has  been  experimentally  shown  at 
first  using  as  an  example  O2  DC  discharge. 

It  has  been  shown  that  for  the  case  of  low 
pressures  p=0. 15-0.3  Torr  (R*p=0.09-0.18  cm*Torr) 
the  approximation  in  which  the  EDF  depends  only  on 
the  total  electron  energy  is  valid.  With  the  increase  of 
pressure,  beginning  from  some  energy,  the  EDFs  cease 
to  coincide  in  various  space  points.  TJiis  fact  means 
that,  beginning  firom  some  values  of  I^,  the 
approximation  in  which  the  EDF  is  a  ftmction  of  only 


the  total  electron  energy  becomes  not  valid.  However, 
this  does  not  mean  that  the  EDF  is  spatially  local.  In 
this  case,  in  order  to  describe  the  experimental  data,  it 
is  necessary  to  compare  the  experimental  EDF  (as  a 
ftmction  of  the  kinetic  energy)  with  results  of  the 
accurate  methods  of  calculation  (Monte-Carlo 
technique). 

However,  high  volume  of  numerical 
calculations  needed  by  these  methods  leads  to  the 
necessity  of  studying  more  simple  methods  of 
accoimting  for  the  EDF  non-locality.  In  this  work,  the 
applicability  of  TTA  for  the  EDF  calculation  (taking 
into  account  the  spatially  non-uniform  radial  electric 
field  Er)  is  analysed  in  comparison  with  the  results 
obtained  by  the  Monte-Carlo  technique  (MC)  and  the 
experimental  data.  The  spatial  dependences  of  the  field 
Er  used  in  calculations  were  taken  from  the  experiment. 

a)  The  EDF  calculation  in  TTA. 

This  is  the  most  widely  used  method  of  the 
EDF  calculation  in  the  glow  discharge  plasma.  In  this 
work,  we  used  the  same  equation  for  the  symmetrical 
part  of  the  EDF  as  in  [6]. 

b)  The  EDF  calculation  using  the  MC 
technique. 

In  order  to  study  the  applicability  of  TTA 
(when  finding  the  EDF  in  spatially  non-uniform  case), 
we  solved  the  Boltzmann  equation  by  MC  technique 
also.  The  components  Er  and  E^  of  the  electric  field 
were  taken  firom  the  experiment.  The  value  of  the  wall 
potential  was  obtained  in  calculations  using  the  steady- 
state  condition  for  the  EDF  similarly  to  the  case  of 
TTA. 

Calculations  of  the  EDF  were  carried  out  for 
the  discharge  current  density  j=5  mA/sm^.  The 
experimental  values  of  the  axial  field  E^  and  of  the 
electric  potential  radial  distribution  were  used  in  the 
calculations.  As  has  been  noted  above,  the  radial  field 
in  the  plasma  hinders  the  electrons  moving  along  the 
tube  and  makes  equal  one  to  another  the  effective 
coefficients  of  electron  and  ion  diffusion.  Therefore, 
knowledge  of  the  wall  potential  U=U(r=R)  is  very 
important  for  the  modelling,  because  the  it  controls  the 
number  of  electrons  which  are  able  to  overcome  the 
ambipolar  field  and  leave  the  plasma.  Unfortunately,  it 
was  very  difficult  to  determine  the  value  of  the  wall 
potential  in  the  conditions  of  our  experiment.  Thus,  in 
calculations,  this  potential  was  chosen  in  such  a  way 
that  the  EDF  were  stationary.  Deviation  of  its  value  in 
any  direction  led  to  the  exponential  increase  (or 
decrease)  of  the  electron  concentration.  As  a  result,  the 
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values  of  U  obtained  in  calculations  in  TTA  and  using 
the  MC  technique  are  different.  But  the  closeness  of 
these  values  proves  (to  our  opinion)  the  closeness  of  the 
results  of  calculations  in  TTA  and  the  MC  technique. 

Fig.  2  (a,b)  shows  the  EDFs  calculated  by 
means  of  TTA  and  MC  technique  in  various  points  of 
the  discharge  for  the  values  of  total  neutral  species 
concentration  (a)  N  =4.8*10’^  cm'^  (p=0.15  Torr)  and 
(b)  N  =3.2*10'®  cm‘^  (p=l  Torr).  In  the  first  case,  the 
EDF  non-locality  should  be  significant.  The 
experimental  EDFs  (as  a  fimction  of  the  kinetic  energy) 
are  shown  in  Fig.  2  (a,b).  For  the  case  (b),  it  is 
reasonable  to  assume  that  the  EDF  should  be  close  to 
the  local  one  everywhere  except  for  the  thin  wall 
sheath.  Fig.2  shows  that  the  experimental  values  and 
results  of  calculations  (both  the  ones  taking  into 
account  the  spatial  non-locality  and  the  local  ones)  are 
close  to  each  other.  For  the  case  of  low  pressure  (Fig. 
2a),  the  role  of  spatial  non-locality  increases.  As  can  be 
seen  from  comparison  of  the  calculations  carried  out  by 
the  two  methods,  TTA  leads  to  a  significantly  stronger 
non-locality  of  the  electron  energy  spectrum  for  high 
electron  energies.  However,  this  difference  in  EDFs 
produces  only  a  very  small  effect  on  the  calculated 
values  of  the  ionization  coefficient  (as  well  as  on  the 
other  kinetic  coefficients  in  oxygen  plasma).  Indeed, 
there  is  a  significant  difference  between  the  EDFs  (at 
the  tube  axis)  calculated  by  different  techniques  near  20 
eV,  and  this  energy  is  significantly  higher  than  the 
thresholds  of  all  the  inelastic  processes  (including  the 
ionization  of  Oa-molecule).  Therefore,  even  at  this  low 
pressure,  the  calculations  using  different  techniques 
lead  to  practically  the  same  results.  This  fact  is 
illustrated  by  Fig.3,  which  shows  (together  with  the 
experimental  results)  the  radial  distributions  of  the 
mean  electron  energy,  calculated  by  various  techniques. 
As  can  be  seen  fi'om  Fig.3,  the  results  of  calculations 
made  by  different  methods  are  close  to  each  other. 


The  work  is  supported  by  the  Russian 
Foundation  of  Fundamental  Research  (grants  95-02- 
06326  and  96-02-18747). 


Fig.3 


The  radial  distribution  of  mean  electron  energy  at  various  pressures. 
Symbols  are  the  experimental  data»  dashed  lines  are  the  calculations 
by  TTA  model  and  solid  lines  are  the  calculations  by  MC  model. 


EEDF  at  pressure  -0.15  Torr  and  at  current  density  -  5  mA/cm  for 
three  radial  positions  -  R=0»3  and  5  nun.  The  results  of  experiment  and 
calculations  by  MC  and  TTA  methods  are  compared  with  local  EEDF. 


Fig.2 

AU  is  the  same  as  in  Fig.l  only  at  pressure  - 1  Torr. 


References 

[1] .l.B.Bemstein,T.Holstein:Phys.Rev.,94  (1954)  1475 

[2] .  TsendinL.D.:Sov.Phys.JETP.39  (1974)  805. 

[3] .  V.A.Godyak,R.B.Piejak,B.M.  Alexandrovich: 

Plasma  Sources  Sci.  Technol.,  1(1992)  36. 

[4] .U.Kortchagen:Phys.Rev.,E  49(1994)  4369. 

[5] .V.V.Ivanov,K.S.Klopovskii  et  al:JETP  Lett.,  63(7) 
(1996)  537. 

[6] .A.M.Popov  .A.T.Rakhimov  and  T.V.Rakhimova 
:Fiz.Plazmy(Rus)  ,19  (1993)  1241. 


XXni  ICPIG  (  Toulouse,  France  )  17-22  July  1997 


11-30 


A  Plasma  Mirror  for  Electronic  Microwave  Beam  Steering 

W.  Manheimer,  J.  Mathew,  R.  Fernsler,  R.  Meger,  J.  Gregor,  D.  Murphy,  and  R  Pechacek 

Plasma  Physics  Division,  Naval  Research  Laboratory,  Washington  DC  20375,  USA 


Abstract 

A  planar  plasma  may  be  used  as  a  reflector  for 
microwaves  if  the  plasma  frequency  (at  the  angle 
of  incidence)  is  greater  than  the  microwave 
frequency.  If  this  plasma  mirror  can  be 
repositioned  electronically,  it  could  have  the 
capability  of  redirecting  microwave  beams  on  a 
very  fast  time  scale,  and  as  such  it  could  have 
important  applications  to  radar  and 
communication  systems. 

The  Plasma 

The  goal  is  the  generation  of  planar  plasmas 
which  have  the  potential  of  reflecting  microwave 
beams  [1-4].  The  plasma  is  formed  with  a 
unique  hollow  cathode  glow  discharge.  The 
hollow  cathode  is  three  sides  of  a  metal 
rectangle,  about  1.2  cm  deep  and  1.6  cm  wide, 
and  of  length  60  cm.  It  produces  a  sheet  plasma, 
square  and  about  60  cm  on  a  side.  This  plasma 
has  been  studied  mostly  in  air,  although  other 
gases  have  been  used  also  with  similar  results. 
The  background  pressure  is  about  100  mtorr,  and 
a  uniform  magnetic  field  of  about  100  G  is 
present.  The  field  is  oriented  along  the  plasma 
and  perpendicular  to  the  rear  face  of  the  hollow 
cathode. 

The  discharge  is  struck  at  voltages  of  about  3-5 
kev  and  currents  of  5-20  Amps.  As  detected 
both  by  Langmuir  probes  and  particle  detectors 
beneath  the  anode,  the  plasma  is  generated  by  a 
beam  of  electrons,  produced  at  the  cathode, 
which  have  nearly  the  full  cathode  potential. 
However  this  beam  current  is  only  a  small 
fraction  of  the  total  current  in  the  discharge. 
Electric  field  measurements  in  the  plasma  also 
show  that  the  electric  field  in  the  discharge  is  not 
large  enough  to  create  avalanche  breakdown. 
Nevertheless,  the  plasma,  generated  by  the  beam 
has  very  high  electron  density,  larger  than  lO’^ 
cm'^  at  the  highest  current.  This  seems  to  be  a 
new  mode  of  discharge  operation,  and  we  have 
called  it  the  enhanced  glow  mode.  It  is 
characterized  by  lower  current  and  higher  voltage 
than  the  normal  hollow  cathode  mode,  and  lower 
voltage  and  lower  current  than  the  abnormal 
glow.  Nevertheless,  it  produces  a  higher  electron 


density  plasma  than  either  one  of  them. 
Preliminary  theoretical  analysis  of  the  enhanced 
glow  assume  an  ion  sheath  of  dimension  much 
smaller  than  the  hollow  cathode  dimension,  and 
reflexing  electrons  in  the  cathode  hollow.  It 
gives  qualitative  agreement  for  the  voltage 
dependence  of  the  discharge  and  beam  current  in 
the  plasma.  Also  it  gives  qualitative  agreement 
for  the  electron  density  in  the  plasma. 
Furthermore,  it  shows  that  the  power  into  the 
plasma  is  almost  all  dissipated  on  the  cathode, 
anode  and  outer  wall;  very  little  (but  still  enough 
to  be  a  concern)  is  dissipated  in  the  gas. 

Microwave  Measurements 
Many  measurements  of  the  characteristics  of  the 
plasma  as  a  microwave  reflector  have  been  made. 
In  order  for  the  plasma  to  be  a  viable  beam 
director,  at  least  for  a  radar  system,  it  is 
important  that  the  quality  of  the  microwave  beam 
be  unaffected  by  the  plasma.  Thus  the  plasma 
must  be  flat,  be  stationary  and  have  very  low 
noise  temperature.  Experiments  on  the  flatness 
have  been  done  in  two  ways.  First  of  all  the 
microwave  reflection  from  the  plasma  has  been 
compared  to  reflection  from  a  metal  plate.  The 
measurements  were  done  at  a  frequency  of  10 
GHz,  so  the  fact  that  the  plasma  reflects  means 
that  the  electron  density  is  at  least  lO'^cm'^. 
Absolute  measurements  of  reflected  power  as  a 
function  of  angle  show  identical  characteristics 
within  the  main  lobe.  In  each  case,  side  lobes  are 
reduced  by  about  25  dB,  and  the  sidelobe 
patterns  are  similar,  but  not  identical.  As  an 
additional  check,  imaging  spectroscopy  has  been 
done  on  the  enhanced  glow  plasma  to  look  for 
variations  in  the  emitted  spectrum  of  the  optical 
emission.  In  the  enhanced  glow  mode  the 
spectrum  is  dominated  by  emission  of  two 
transition  lines  at  about  400  nm,  and  this 
emission  is  nearly  uniform,  possibly  decreasing 
slightly  from  cathode  to  anode.  Thus  the  plasma 
is  very  uniform  in  the  enhanced  glow  mode. 

A  crucial  figure  of  merit  for  a  radar  is 
suppression  of  clutter  with  doppler  filtering.  In 
order  for  this  to  be  viable,  the  plasma  must  be 
stationary,  that  is  the  motion  of  the  critical 
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surface  must  be  sufficiently  slow.  With  a 
microwave  heterodyne  system,  we  have 
measured  the  velocity  of  the  critical  surface. 
When  the  plasma  has  settled  down,  the  motion  of 
the  critical  surface  is  less  than  2  meters  per 
second.  However  there  is  an  initial  transient  of 
about  50  ps  (out  of  a  SOOps  pulse)  during  which 
the  plasma  moves  first  outward,  and  then  inward 
with  a  velocity  of  about  100  m/s. 

An  additional  important  quality  of  the  plasma 
reflector  is  its  noise  temperature.  This  is 
particularly  important  for  the  radar  receiver, 
where  it  is  receiving  a  signal  which  may  be 
extremely  weak.  One  might  at  first  think  that 
where  the  plasma  temperature  is  an  electron  volt 
or  so  (about  lO'*  degrees  Kelvin),  the  effective 
antenna  temperature  would  be  very  high. 
However  this  is  not  the  case,  because  at 
frequencies  of  interest,  the  plasma  is  a  reflector, 
not  an  absorber.  Theory  shows  that  the 
temperature  should  be  about  200-300°K. 

Recently  we  have  performed  measurements  of 
the  temperature  and  have  confirmed  that  it  is 
between  500  and  1000°K,  a  value  reasonable  for 
a  radar  or  communication  system. 

The  Agile  Mirror 

In  order  for  the  plasma  to  develop  into  a  viable 
component  of  a  radar  system,  it  must  not  only 
provide  a  high  quality  microwave  reflection,  but 
must  also  provide  agility  for  the  microwave  beam 
on  a  time  scale  of  perhaps  lOps.  There  are  two 
separate  systems  which  we  envision  as  giving 
rise  to  this  agility.  The  first  is  a  segmented 
cathode  with  different  parts  of  the  cathode 
electronically  addressable.  Thus  by  designating 
the  emitting  portion  of  the  cathode,  we  specify 
one  edge  of  the  mirror,  and  we  anticipate  that  this 
can  be  done  on  the  required  time  scale.  To 
achieve  agility  in  the  other  plane,  we  envision  a 
transverse  magnetic  field  which  can  be  varied 
also  on  a  10-20  microsecond  time  scale. 
Preliminary  experiments  on  designating  one  of 
two  cathodes  have  been  done,  but  not  on  a  lOps 
time  scale.  The  same  is  true  for  varying  the 
magnetic  field.  We  hope  that  by  the  time  of  the 
meeting,  both  capabilities  are  demonstrated  on  a 
10  ps  time  scale. 


Acknowledgment:  This  work  has  been  supported 
by  the  Office  of  Naval  Research. 

References: 

1.  W.  Manheimer,  IEEE  Trans.  Plasma  Sci. 

PS-  19,  1228,(1991) 

2.  A.  Robson,  R.  Morgan,  and  R.  Meger,  IEEE 
Trans.  Plasma  Sci.  PS-20,  1036(1992) 

3.  R.  Meger,  J.  Mathew,  J.  Gregor,  R. 

Pechacek,  R.  Fernsler,  W.  Manheimer,  and 
A.  Robson,  Phys.  Plasmas  2,  1532,  (1995) 

4.  J.  Mathew,  R.  Fernsler  R.  Meger,  J.  Gregor, 
D.  Murphy,  R.  Pechacek, ,  W.  Manheimer, 
Phys.  Rev.  Let.  77,  1982  (1996) 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


11-32 


Characteristics  of  the  initiation  and  operation 
of  a  repetitive  pulsed  hollow-cathode  glow  discharge 

N.V.  Gavrilov,  G.A.Mesyats 

Institute  of  Electrophysics,  Ural  Division  of  the  Russian  Academy  of  Sciences 
Yekaterinburg  620049,  Russia 


1.  Introduction 

The  pulsed  low-pressure  glow  discharge  with  oscillat¬ 
ing  electrons  is  used  in  sources  of  electrons  [1]  and  gas 
ions  [2]  where  the  limiting  frequency  of  beam  genera¬ 
tion  is  determined  by  the  d3mamics  of  discharge  ini¬ 
tiation  in  a  large  volume.  The  low  electric  field  (0.1-1 
kV/cm)  in  extended  (~10  cm)  interelectrode  gaps,  the 
high  degree  of  the  surface  conditioning,  the  large  area 
of  the  cathode  surface  (~10^  cm^),  and  the  low  pressure 
of  the  inert  gas  in  the  gap  (<  0.1  Pa)  are  responsible  for 
the  dominant  effect  of  the  dynamics  of  generation  of 
initial  electrons  and  of  the  gas  adsorption  and  desorp¬ 
tion  processes  at  the  cathode  on  the  time  required  for  a 
discharge  to  be  initiated  and  on  the  discharge  charac¬ 
teristics  in  the  quasi-steady  stage  of  its  operation. 

2.  Experiment 

Used  in  the  experiments  was  the  coaxial  electrode  sys¬ 
tem  of  the  gas  ion  source  [2],  consisting  of  a  stainless 
steel  hollow  cathode  with  dimensions  L  =  D  =  150  mm 
and  a  tungsten  rod  anode  of  diameter  d  ='  3  mm  and 
length  1  =  100  mm.  The  anode  is  inserted  into  the  cath¬ 
ode  cavity  through  a  hole  of  diameter  10  mm  made  in 
the  end  of  the  hollow  cathode.  The  opposite  end  of  thie 
cathode  is  perforated.  A  longitudinal  magnetic  field 
with  an  induction  B  ~  1  mT  was  created  by  a  solenoid. 
The  working  gas  (Ar,  N2)  was  fed.  into  the  cathode 
cavity.  The  gas  pressure  in  the  vacuum  chamber  was  p 
~  (1-2)  10"^  Pa,  the  average  pressure  in  the  discharge 
gap  was  two  or  three  times  higher.  Evacuation  was 
produced  by  a  vapor-oil  pump  having  no  nitrogen  trap. 
The  discharge  was  initiated  in  the  repetitive  pulse 
mode  (RPM)  with  the  pulse  repetition  rate  f  varied 
from  10  to  1200  Hz.  The  pulse  duration  x  was  100  ps; 
the  risetime  was  no  longer  than  ~  5  ps.  The  amplitude 
of  the  voltage  applied  to  the  gap  Vp  (0.8-2  kV)  was 
stable  within  5%.  The  discharge  current  was  controlled 
in  the  range  0.04-2  A.  The  temperature  Ti^  of  the 
cathode  with  the  surface  area  ~  10^  cm^  was 
controlled  in  the  range  from  20  to  150  °C. 

The  time  required  to  initiate  a  glow  discharge,  ti,  was 
measured  from  the  instant  the  Vp  was  applied  to  the 
gap  to  the  onset  of  its  abrupt  fall  to  the’  level  O.PVp. 
The  discharge  formative  time,  t2,  was  determined 


within  the  current  pulse  risetime  from  0.1  I  to  0.9  I, 
with  I  being  the  steady- state  discharge  current. 

The  time  ti  as  a  function  of  f  for  T^  =  20°C,  Vp  =  2  kV, 
B  =  1  mT,  and  various  values  of  I  and  of  Ar  pressure  p 
is  given  in  Fig.  1.  Both  the  time  tj  and  the  statistical 
spread  in  t|  values  decrease  as  increasing  f.  An  in¬ 
crease  in  the  current  I  results  in  a  decrease  in  t].  The 
time  t2  and  the  steady-state  values  of  the  discharge  op¬ 
erating  voltage  V  and  I  as  functions  of  f  for  B  =  1  mT 
and  Tit  =  20“C  are  given  in  Fig.  2.  Increasing  f  in¬ 
creases  the  discharge  impedance  in  the  steady-state 
mode.  As  T^  is  increased,  the  discharge  impedance  in¬ 
creases,  too.  The  changes  of  Tu  in  the  range  20-150  °C 
affects  only  weakly  on  the  ti(f)  dependence.  For  a 
discharge  in  N2  this  dependence  is  similar  to  that  for  a 
discharge  in  Ar;  however,  the  steady-state  values  of  V 
and  I  are  weakly  dependent  on  f. 

3.  Discussion 

The  characteristics  of  a  glow  discharge  initiated  in 
RPM  can  be  affected  by  the  transient  processes  occur¬ 
ring  in  the  discharge  gap  on  cessation  of  current,  pro¬ 
vided  that  the  time  constants  of  these  processes  are 
comparable  with  the  value  of  l/f;  These  processes  are 
the  gas  adsorption  on  the  cathode  surface  and  the  post¬ 
discharge  electron  emission. 


Fig.  1 
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Fig.  2 

The  experimental  conditions  are  such  that  in  the  origi¬ 
nal  state  a  layer  of  adsorbed  gas  atoms  is  present  on  the 
cathode  surface,  the  number  of  the  atoms  being  much 
over  their  number  in  the  gas  space.  For  a  discharge 
operating  in  RPM,  the  number  of  the  atoms  desorbed  in 
a  time  t  comes  into  equilibrium  with  the  number  of  the 
atoms  adsorbed  on  the  cathode  in  the  time  of  the  cycle 
1/f.  An  increase  in  f  has  the  result  that  this  equilibrium 
is  established  at  a  lower  density  N  of  adsorbed  atoms. 
The  change  in  N  may  result  in  a  change  in  the 
coefficient  of  ion-  electron  emission  y  from  the  cathode 
and  in  an  impulsive  increase  in  pressure  near  the 
cathode  and  in  the  whole  gas  space.  The  increase  in 
pressure  near  the  cathode  may  lead  to  a  change  in  the 
effective  value  of  taking  into  account  the  probability 
that  the  prirhary  electrons  will  return  to  the  cathode, 
while  the  increase  in  pressure  in  the  whole  gap  affects 
the  ionization  rate  in  the  discharge. 

Estimates  show  that  the  change  in  N  with  increasing  f 
corresponds  to  some  fraction  of  the  monolayer,  which 
may  result  in  changes  in  gas  pressure  and  in  discharge 
impedance.  The  effective  coefficient  of  electron 
emission  from  the  cathode  of  a  glow  discharge  in  the 
presence  of  adsorbed  argon  atoms,  may  be  1-1.5  orders 
of  magnitude  lower  than  that  for  a  clean  metal  surface 

[3].  However,  even  this  substantial  change  in  y  is  too 
low  to  account  for  the  5-6-fold  decrease  in  the 
formative  time  of  a  discharge,  ti,  with  increasing  f. 

The  decrease  in  the  statistical  spread  in  ti  values  with 
increasing  f  testifies  to  an  increase  in  the  frequency  of 
appearance  of  initial  electrons,  fr.  The  spread  ~  10  ps 
measured  for  f  =  10  Hz  corresponds  to  the  frequency  fe 
~  10^  s"'.  Several  mechanisms  for  the  postdischarge 
electron  emission  with  no  external  electric  field  are 


known  [4];  among  these  are  the  exoemission  and  the 
electron  emission  through  thin  dielectric  films.  The 
rate  of  change  of  the  post-emission  intensity  abruptly 
decreases  with  time.  Increasing  f  and  raising  fe  to 
values  at  which  1/fe  »  tj,  leads  to  a  speed-up  of  the 
discharge  development  due  to  multi-electron  initiation. 
The  avalanche-like  current  rise  in  the  gap  during  the 
initiation  of  a  discharge  is  described  by  the  relation 

I(t)  =  1(0)  exp  (tp/Ti).  (1) 

Here,  1(0)  is  the  current  of  the  initial  electrons,  p  is  the 
current  enhancement  factor,  and  Ti  is  the  time  required 
for  a  single  avalanche  to  develop.  For  the  current  at 
which  the  discharge  goes  into  a  glow,  I(ti),  being  con¬ 
stant,  in  order  that  the  time  ti  be  reduced  to  one  fifth  or 
one  sixth,  the  current  1(0)  should  be  increased  by  five 
or  six  orders  of  magnitude,  i.e.,  the  initial  electron 
current  density  should  be  lO'"-  10"'^  s‘‘  cm'^. 

For  cathodes  with  oxide  films  present  on  the  surface, 
higher  (by  3  orders  of  the  magnitude)  current  densities 
of  post-emission  was  observed  for  a  long  time  [5], 
A  distinctive  feature  of  the  experiment  performed  was 
the  high  pulse  repetition  rate,  which  allowed  an  inves¬ 
tigation  of  the  post-emission  with  high  temporal  reso¬ 
lution  (10'^  s).  So  we  are  able  to  detect  the  high  rate  of 
decrease  in  the  efficiency  of  the  post-emission  in  a 
system  with  the  electrodes  cleaned  in  a  glow  discharge. 

4.  Conclusions 

In  initiation  a  low-pressure  glow  discharge  with  a  hol¬ 
low  cathode  in  a  repetitive  pulse  mode,  the  dynamic 
processes  of  gas  adsorption  and  desoption  on  the  large- 
size  cold  cathode  may  affect  substantially  the 
discharge  impedance,  provided  that  the  pulse  duration 
is  shorter  than  the  time  constant  for  the  transition  of  the 
gas  conditions  in  the  gap  to  a  steady  state. 

A  decrease  in  interpulse  period  decreases  the  formative 
time  of  a  glow  discharge.  This  may  be  accounted  for 
by  the  increase  in  the  current  density  of  the  post¬ 
discharge  emission  of  electrons  and  by  the  onset  of  the 
multielectron  mode  of  discharge  initiation. 
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1.  Introduction 

Standing  striations  or  moving  striations  are  often 
observed  in  a  dc  discharge  at  low  pressure  not  much 
exceeding  100  Pa.  Standing  striations  often  appear  in  the 
gas  composed  of  polyatomic  molecule  such  as  air  [1], 
while  moving  striations  are  observed  mainly  in  rare 
gases  [2], 

We  observed  that  a  standing  striation  transformed  itself 
into  a  standing  helix  continuously  when  a  longitudinal 
magnetic  field  was  applied.  Similarly,  a  moving  striation 
transformed  itself  into  a  moving  helix.  In  this  paper,  we 
describe  the  experimental  observation  on  the  transition 
firom  striations  to  helices.  We  also  report  the  dependence 
of  a  standing  striation  on  the  discharge  condition. 

2.  Experimental  Apparatus  and  Methods 

The  experiment  was  performed  in  a  hot  cathode  dc 
discharge  in  helium.  Figure  1  shows  the  schematic 
diagram  of  the  experimental  setup.  The  discharge  was 
produced  in  a  cylindrical  glass  tube  with  internal  radius 
of  73  mm  in  a  longitudinal  magnetic  field.  The  anode 
with  diameter  of  55  mm  was  situated  inside  the  magnetic 
coils.  The  cathode  with  diameter  of  77  mm  was  situated 
outside  them.  The  distance  between  the  anode  and 


cathode  was  1135  mm.  To  keep  the  discharge  stable,  two 
stainless  meshes  were  set  up  near  two  electrodes. 
Pressure  was  varied  from  1  Pa  to  22.5  Pa.  Applied 
magnetic  field  was  up  to  100  mT.  Discharge  current 
was  between  50  mA  and  225  mA. 

The  transition  from  a  standing  or  moving  striation  to  a 
standing  or  moving  helix  caused  by  an  external  magnetic 
field  was  monitored  by  a  CCD  color  camera. 

3.  Experimental  Results 

Figure  2  shows  the  pattern  of  discharge.  In  the  absence 
of  the  magnetic  field,  a  standing  striation  spread 
throughout  the  discharge  region.  With  increasing  the 
magnetic  field,  striations  near  the  anode  leaned  and 
combined  with  each  other  and  became  a  standing  helix 
at  5%  28  mT.  Thus  there  appeared  a  standing  helix  on 
the  anode  side  of  the  discharge  region  and  a  standing 
striation  on  the  cathode  side.  As  the  magnetic  field 
increased  further,  the  standing  helix  became  clearer. 
With  increasing  the  magnetic  field  more  up  to  100  mT, 
the  standing  striation  and  the  standing  helix  changed 
their  forms  gradually  into  a  uniform  discharge  column 
spreading  throughout  the  discharge  region,  though  we  do 
not  draw  in  this  diagram. 
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Fig.  1  Experimental  apparatus. 
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The  direction  of  helix  depended"  on  the  direction  of 
magnetic  field.  The  standing  helix  twisted  clockwise  (as 
a  usual  screw)  in  the  case  when  the  magnetic  field  was  in 
the  same  direction  as  that  of  the  discharge  current,  and  it 
did  counterclockwise  in  the  case  when  the  magnetic  field 
was  in  the  opposite  direction  as  of  the  discharge  current. 

Figure  3  shows  the  dependence  of  the  distance  between 
the  centers  of  two  neighboring  standing  striations  on 
pressure,  in  the  absence  of  the  magnetic  field.  The 
distance  between  striations  decreases  with  increasing 
pressure.  The  relation  between  the  distance  and  pressure 
showed  hysteresis  characteristics.  The  following  form  is 
known  as  Wehner’s  relation  [2]  between  the  distance  L 
and  pressme  P ; 

L  C 

R  ~  (PR)"‘ 

We  fitted  this  relation  to  our  experimental  result.  The 
values  of  C  and  m  were  calculated  in  the  gas  pressure 
range  of  P=12.5~22.0  Pa  for  R=3:65  cm.  When  the 
pressme  was  increased,  C=12,  m=0.2i,  and  C=13, 
7w=0.29  with  decrease  of  the  pressure.  The  curves  in 
Fig. 3  shows  Wehner’s  relation  drawn  by  using  the 
calculated  values  of  C  and  m. 

It  is  noted  that  the  experimental  result  agrees  with 
Wehner’  relation,  and  that  the  value  of  m  is  0.28  and 
independent  of  increase  /  decrease  of  the  pressure.  The 
value  of  m  is  usually  0.53  for  hydrogen  and  0.32  for 
nitrogen  [2].  The  value  of  m  obtained  in  our  experiment 
is  close  to  that  for  nitrogen,  which  may  suggest  that  the 
discharge  was  contaminated  by  nitrogen  or  air. 

4.  Summary 

In  this  paper,  we  described  the  transition  from  a  standing 
or  moving  striation  to  a  standing  or  moving  helix  caused 
by  the  applied  magnetic  field.  The  direction  of  helix  was 
clarified.  Also  it  is  suggested  that  the  occurrence  of 
standing  striations  or  helices  is  related  to  the  existence  of 
nitrogen  molecules  in  the  discharge. 
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Fig.2  Discharge  pattern  with  striation  and 
standing  helix. 


Fig.  3  Dependence  of  the  distance  between 
standing  striations  on  pressure:  Magnetic 
field  5=0  mT,  discharge  current  7=100  mA, 
discharge  volts  F=270~387  V. 
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lowered  pressure 
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1.  Introduction 

The  operation  of  glow  discharges  with  oscillating 
electrons,  such  as  discharge  in  a  magnetic  field  and 
hollow  cathode  discharge,  is  possible  in  two  modes:  a 
high-voltage  one  characterized  by  predominance  of  an 
electron  charge  in  the  discharge  gap,  and  a  high- 
current  mode,  in  which  almost  the  whole  gap  is  filled 
with  plasma  at  a  potential  close  to  that  of  the  anode, 
and  the  discharge  voltage  concentrates  in  a  narrow 
near-cathode  ion  layer  [1].  The  use  of  the  latter  mode 
is  preferable  for  the  development  of  powerful  and 
effective  discharge  devices.  However,  this  mode  is 
realized  at  higher  pressures,  which  can  complicate  its 
use  in  those  applications,  where  the  operation  at  low 
pressures  is  of  prime  importance,  e.g.  in  the 
development  of  sources  of  charged  particles,  in  which 
low  pressure  is  necessary  to  prevent  the  breakdown  of 
the  accelerating  gap.  So,  the  determination  of 
conditions  promoting  the  realization  of  the  high- 
current  mode  at  lowered  pressure  is  an  urgent  task.  The 
purpose  of  the  present  work  is  the  scrutiny  of  analytical 
models  allowing  the  determination  of  major  factors 
influencing  the  bottom  boundary  of  the  operating 
pressure  range  for  glow  discharges  with  hollow 
cathode  and  in  a  magnetic  field. 

2.  Hollow  cathode  discharge 


the  following  expression  for  the  relaxation  time  of  fast 
particles 


%■= 


(1) 


where  e  is  the  charge  of  electron,  Uc  is  cathode  fall. 
On  expiration  of  time  fast  particles  lose  their 
ionizing  ability.  Besides,  a  part  of  fast  particles  escape 
fi'om  the  gap  to  the  anode.  So,  the  balance  equation  for 
fast  particles  can  be  written  as 

e 


HjL. 


n/vS^ 

4 


=  0, 


(2) 


where  4  is  the  ion  current  at  the  cathode,  V  is  the 
volume  of  the  cavity,  n/and  v  are  the  concentration  and 
average  velocity  of  fast  particles,  respectively,  Sa  is  the 
area  of  the  anode.  Considering,  that  all  emerging  ions 
come  to  the  cathode,  one  can  obtain  the  self¬ 
maintenance  condition  in  the  following  form 


3p(l-l/u)~‘’ 

(3) 

where 

u  =  U,/Uo,  p  =  P/Po, 

(4) 

W  427kTS, 

”  ey’  ®  I6yVa(eUo)’ 

(5) 

P  and  T  are  gas  pressure  and  temperature,  respectively, 
a  is  the  ionization  cross-section,  k  is  the  Boltzmann 
constant.  Condition  (3)  determines  implicitly  the 
dependence  of  discharge  voltage  on  pressure  (Fig.l). 


The  discharge  maintenance  mechanism  is  the 
following:  ions  move  from  the  gap  to  the  cathode  and 
cause  an  emission  of  electrons,  which  are  accelerated 
in  the  cathode  sheath  and  then  spend  their  acquired 
energy  in  collisions  with  neutral  atoms,  in  particular, 
on  their  ionization.  Each  of  these  fast  electrons  should 
make  I/y  ionizations,  where  y  is  coefficient  of  ion  - 
electron  emission.  As  to  secondary  electrons,  their 
contribution  to  ionization  is  negligible,  because  they  do 
not  obtain  sufficient  energy  from  the  weak  electric 
field  existing  in  plasma.  In  a  wide  range  of  initial 
energies  of  fast  particles  it  is  necessary  to  spend  a  fixed 
quantity  of  energy  W  to  create  one  pair  of  charged 
particles.  Taking  also  into  account,  that  the  frequency 
of  ionization  v;  is  can  be  considered  to  be  constant  in 
the  100  -  1000  eV  energy  range,  which  is  ^characteristic 
of  fast  particles  of  the  discharge,  one  can  write  down 


Fig.l. 

The  dependence  is  two-valued,  however,  the  states 
corresponding  to  the  top  branch  are  unstable  and  are 
not  observed  in  experiments.  The  introduced  parameter 
Ug  is  the  discharge  voltage  on  condition,  that  the  fast 
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electrons  lose  their  energy  completely  in  the  gap,  and 
Po  is  the  critical  pressure,  below  which  discharge 
operation  in  the  considered  mode  is  impossible.  Po  is 
proportional  to  anode  area  and  one  would  think  that  it 
would  be  possible  to  decrease  pressure  down  to  any 
desirable  level  by  reducing  Sa-  However  with 
Sa<  yim/ M  Sc,  where  m  and  M  are  electron  and  ion 
mass,  respectively,  and  Sc  is  the  cathode  area,  an 
electron  layer  forms  near  the  anode  and  the  discharge 
transforms  to  the  high-voltage  form  [2].  Thus, 
expression  (5)  for  Po  is  correct  when  Sa>  -ijm/ M  Sc, 
and  one  can  obtain  the  following  estimation 
_  yj27m/MkTSc 

Pi  = - -  (6) 

'  l6yVa(eUo) 

for  the  minimum  possible  pressure  Pi  in  the  hollow 
cathode  glow  discharge. 


where 

b=B/Bo ,  (12) 

B  is  magnetic  induction,  and  parameter  Bo  is 
determined  by  expression 


Bo  =1.5 


jmWvj-  /  V,. 


where  vy  is  the  effective  collision  frequency  of  fast 
particles.  Expression  (11)  is  an  implicit  form  of 
dependence  u(b)  presented  in  Fig.  2.  The  curve 


3.  Discharge  in  magnetic  field 


ne^e  =  D 


Let  us  consider  the  problem  in  plane  geometry.  The 
anode  and  the  cathode  are  located  in  planes  x  =  0  and 
x=  d,  respectively.  The  following  equations  of  motion 
and  continuity  for  fast  particles  were  used 
dnc  d(nfVf)  rtf 

where  v/  and  Df  are  the  average  velocity  of  directed 
motion  and  the  coefficient  of  diffusion  of  fast  particles, 
respectively.  The  appropriate  equations  for  plasma 
electrons  were  used  in  the  following  form 

where  nc  and  are  the  concentration  and  the  average 
velocity  of  directed  motion  of  plasma  electrons, 
respectively,  D  and  n  are  the  coefficients  of  diffusion 
and  mobility  of  electrons  across  magnetic  field, 
respectively,  ^  is  potential.  There  is  no  drift  term  in 
(7),  because  the  weak  electric  field  existing  in  the 
plasma  does  not  influence  significantly  the  motion  of 
fast  particles.  As  for  ions,  they  are  not  practically 
affected  by  the  magnetic  field  and  leave  the  gap  in 
collisionless  mode.  The  following  equations  of  ion 
balance  and  motion  were  used 

d(niVi)  d(niV?)  eitj  d<p 

dx  dx  ~  M  dx  ’ 

where  rti  and  vj  are  the  concentration  and  the  average 
velocity  of  ions,  respectively.  Neglecting  the 
contribution  of  fast  particles  to  the  complete  electron 
charge  one  can  use  the  condition  of  quasineutrality  as 
=  (10) 
The  analysis  of  system  of  equations  (7)  -  (10)  allows 
one  to  obtain  the  self-maintenance  condition  as 

u(I-ch~'(2.6lb/u)  =  l  ,  '■  (11) 


Fig.2. 

resembles  qualitatively  like  the  dependence  u(p) 
obtained  earlier  for  hollow  cathode  discharge.With 
b<I  or  B<Bo  operation  of  the  considered  discharge 
mode  is  impossible  at  any  voltage,  while  with  b>  I  the 
dependence  is  two-valued.  As  in  the  previous  case, 
only  the  states  corresponding  to  the  bottom  branch  are 
observed  experimentally.  Besides  the  fulfilment  of  the 
self-maintenance  condition,  for  the  realization  of  the 
high-current  discharge  mode  it  is  necessary  that  the 
gap  be  filled  with  the  plasma  from  the  cathode  sheath 
up  to  the  anode.  This  is  ensured  at  pressures  above 
some  value  P2  determined  by  the  following  expression 
0.78Wvf 

P2=—2 - (14) 

r  dViVgylkTcM 

where  Te  is  electron  temperature,  and  Vo  is  the  effective 
collision  frequency  for  plasma  electrons  at  a  pressure 
accepted  as  a  unit  of  measurement.  At  P=P2  the 
operation  of  the  discharge  is  possible  only  at  a  single 
value  of  magnetic  induction  B=Bo,  but  the  operating 
range  of  magnetic  fields  expands  abruptly,  when  P 
increases. 

*This  work  was  supported  by  U.S.  Department  of 
Energy  through  LANL  (Contract  No.  0248U0016-35). 
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1.  Introduction 

Recently  intensified  investigations  were  carried  out  to 
describe  the  weakly  ionized  plasma  in  quantity  in  the 
difierent  spatially  nonuniform  sections  of  the  glow 
discharge.  There  in  the  centre  of  the  investigations  was 
the  determination  of  the  velocity  distribution  fimction 
of  the  electrons  with  respect  to  the  spatial  inhomogenity 
[1]>  [2],  [3].  A  verification  of  the  theoretical  statements 
and  calculations  in  discharge  plasmas  using  a  nonlocal 
electron  kinetic  treatment  requires  reliable 
experimental  data  of  the  most  important  plasma 
parameters.  In  this  paper  a  choice  of  spatially  resolved 
measurements  in  the  anode  region  of  a  low-current  and 
low-pressure  glow  discharge  is  presented. 

2.  Experimental  conditions 

In  a  collision  dominated  plasma  of  a  low-current 
helium  glow  discharge  measurements  of  important 
plasma  parameters  were  carried  out  in  the  anode 
region.  The  cylindrical  discharge  tube,  with  a  diameter 
of  2ro  =  40mm,  contained  a  circular  disc-shaped  nickel 
anode  with  2rp^=  36mm  in  diameter.  By  using  a 
moveable  electrical  probe  the  electron  velocity 
distribution  fimctions,  the  density  and  the  mean  energy 
of  the  electrons  as  well  as  the  electrical  potential 
distribution  were  determined  in  the  anode  region  and  in 
the  positive  coliuim  in  their  radial  and  axial 
dependence.  In  the  following  presentation  we  mostly 
confine  ourselves  to  the  reproduction  of  results  on  the 
axis  of  the  discharge  tube. 

The  current  and  the  pressiue  of  the  investigated 
discharge  were  varied  within  the  limits  ; 

1  mA  I  cm  <  i  /  Tq  <  25  mA  /  cm  and 
100  Pa  cm  <  PqKq  <350  Pa  cm  . 

3.  Results 

The  perculiarity  of  the  anode  region  is  to  be  seen  in  the 
two  dimensonal  nonuniform  structur  of  the  plasma. 
Fig.  1  shows  the  potential  behaviour  in  the  axis  of  the 
discharge  tube  r=0)  from  the  anode  as  far  as  to 
the  axial  homogeneous  part  of  the  positive  column. 
This  observed  shape  of  the  potential  does  clearly 
deviate  from  previous  investigations  under  comparable 
conditions.  A  typical  feature  of  its  behaviour  is  the 


development  of  a  plateau  near  the  anode.  The  potential 
only  raises  in  the  vicinty  of  the  anode  due  to  the 
development  of  a  negative  space  charge  sheath  within  a 
DESVE-length  onto  the  value  of  the  anode  potential 
V,{x  =  0,r)  =  0. 


Fig.  1 .  Measured  electrical  potential  Fs(x,  r  =  0)  as  a  function 
of  the  distance  x  from  the  anode,  with  an  anode  fall  of 
Dai  =  8.8V,  Ua2=  12.9V  for  i  =  5mA  resp.  /  =  20mA 

The  axial  electric  field  strength,-  that  can  be  seen  in 
Fig.  2,  has  a  very  small  value  (Ey, « 0)  within  the 
plateau  zone.  While  approaching  the  positive  colunm 
we  can  observe  a  disctinct  overswing  of  the  axial  field 
strength  above  the  value  in  the  positive  column. 


Fig.  2.  Damped  periodical  structur  of  the  axial  electric  field 
strenght  Ey{r=0)  versus  the  distance  x  from  the  anode 
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This  transient  process  is  less  clearly  to  observe  in  the 
behaviour  of  the  mean  electron  energy  Mni(x)  (Fig.  3). 


Fig.  3.  Mean  electron  energy  Um(x) 


The  electron  density  «e  nearly  rises  up  to  the  column 
density  as  an  exponential  function  (Fig.  4). 


Fig.  4.  jRelative  electron  densities  «s(x),  normalized  on  the 
maximum  value  Weo  for  i  =  20mA 

In  contrast  to  the  column  plasma,  where  the  electron 
velocity  distribution  function  in  a  low-current  regime 
suffers  a  change  in  the  radial  difiusion  field,  which 
means  a  drop  of  the  mean  energy,  the  mean  electron 
energy  increases  by  approaching  the  anode  (Fig.  3 
and  5). 

The  radial  variation  of  the  electron  velocity  distribution 
function  far  from  the  anode  in  an  axial  homogeneous 
section  of  the  column  plasma  is  shown  in  Fig.  6.  The 
course  of  the  curves  in  Fig.  6  demostrate,  that  the 
distribution  functions  under  the  investigated  discharge 
conditions  depends  only  on  the  total  energy  s  of  the 
electrons. 

A  theoretical  description  of  the  plasma  in  the  anode 
region  requires  an  appropriate  treatment  of  the  distinct 
nonequilibrium  electron  kinetics  taking  into  account 
the  specific  plasma  conditions.  Such  calculations  were 
carried  out  under  special  simplifications  [1]  -  [4]. 


Fig.  5.  Electron  velocity  distribution  function  in  the  axis 
versus  kinetic  energy  epU  and  axial  position  x  with  i  =  20mA 
and  poro=  140Pa  cm 


Fig.  6.  Electron  velocity  distribution  function  versus  the  total 
energy  e  on  different  radial  positions  with 
V*(r)  =F^(x,r)-V^(x,0)  andx  =  140mm 

A  comparison  of  the  present  measurements  with 
appropriate  calculations  of  the  nonlocal  electron 
kinetics  shows  a  satisfactory  agreement  between  the 
theoretical  and  the  experimental  quantities  within  the 
presupposed  limits. 
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Introduction 


The  strict  kinetic  description  of  the  electrons  in  the 
spatially  inhomogeneous  plasma  of  a  cylindrical 
positive  column  is  an  extremely  difficult  problem.  To 
obtain  the  electron  velocity  distribution  function  under 
non-uniform  plasma  conditions,  the  kinetic  equation  of 
the  electrons  has  to  be  solved. 

The  aim  of  the  following  contribution  is  to  compare 
measured  distribution  functions  with  special  solutions 
of  the  electron  BOLrm4iv/v-equation  under  specific 
simplifications  of  the  problem.  For  this  comparison  will 
be  taken  into  account  the  conventional  homogeneous 
approach  (CHA),  the  local  field  approximation  (LFA) 
and  the  non-local  approach  (NLA)  [1],  [2]. 


Special  solutions  of  the  BOLTZMANN- 
equation 

The  following  numerical  treatment  of  the  problem 
considers  an  axially  homogeneous  column  plasma, 

a)  Conventional  homgeneous  approach  (CHA) 

This  solution  neglects  the  influence  of  the  radial 
inhomogenenity  and  of  the  column  plasma  on  the 
electron  kinetics.  The  distribution  function  can  be 
obtained  from  the  jBOLm//t/w-equation  with  a 
constant  axial  electric  field  E,  neglecting  the  radial 
inhomogenity  taking  into  account  the  elastical  and 
releveant  inelastical  collision  processes  [1],  [2]. 


d 

dU 

=u 


FI— - —fo(F)  +  2^U\Qj(U)UU) 

■^^3K(,U)dU  M 
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b)  Local  field  approximation  (LFA) 

The  local  field  approximation  considers  the  equilibrium 
of  the  energy  gain  of  the  electrons  in  the  total  eletric 

field  E  =  {e]-\-EI^  and  the  energy  loss  by 

collisions.  To  obtain  this  approximation  we  have  to 
replace  in  the  upper  equation  E^  by  E. 


the  radius  of  the  discharge  tube,  and  integrating  the 
kinetic  equation  at  a  fixed  e  over  the  relevant  cross 
section  of  the  plasma  column,  we  obtain  an  ordinary 
differential  equation  for  fo(E)  [1]. 


de 
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2  V  d 
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with  s  =  e^p  -  efP 


JV 

b([/)  =  jb(s,r)rdr 


and 


0 

R  defined  by-eQF^(7?)  =  for  0<s<-egV^(rQ)and 


Ji  =  rg  for s>-egF^(rg). 


Comparison  with  measurements 

Measurements  of  the  EDF  in  the  positive  column  of 
helium  a  glow  discharge  were  carried  out  under  the 
following  conditions;  discharge  current  i  =  25  mA, 
pressure  pg=  1 10  Pa,  tube  radius  ro  =  10  mm.  Under 
these  conditions  we  can  find  for  the  energy  relaxation 
lenght:  >  Vg  for  U  <£y  and  «  Vg  for  U  >  Si 

treshold  energy  of  the  excitation. 


c)  Nonlocal  approach  (NLA) 

The  replacement  of  the  kinetic  energy  egU  by  the  total 
energy  e  allows  a  transformation  of  the  Boltzmann- 
equation  in  a  more  simple  form.  Assuming  that  the 
energy  relaxation  length  is  large  in  comparison  to 


Fig.  1  Radial  potential  and  field  strength  profiles 

In  Fig.  1  the  measured  floating  and  space  potentials 
and  the  proportion  of  radial  and  axial  field  strength  are 
presented.  The  radial  component  of  the  electrical  field 
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strenght  Er  increases  by  approaching  the  wall  and 
exceeds  the  axial  one  by  more  than  one  order.  These 
measured  radial  profiles  of  the  potential  and  the  electric 
field  strength  were  used  to  calculate  the  distribution 
fimction  from  the  modified  BOLTZMANN-&^tiorv. 
Fig.  2  shows  for  the  axis  of  the  discharge  tube  that  the 
calculated  EDF's  in  nonlocal  approach  in  the  region  of 
inelastical  collisions  significantly  deviate  from  the 
measured  ones.  A  good  agreement  can  be  found  in 
comparison  to  the  conventional  solution. 


Fig.  2  Calculated  and  measured  EDF's,  r  /  ro  =  0,  ff/U)  is 
normalized  to  one 


Fig.  3  Radial  EDF's  vs.  total  energy  e 

Fig.  3  demonstrates  that  the  radial  dependence  of  the 
EDF's  is  described  in  a  good  manner  by  the  nonlocal 
approach.  On  the  other  hand  the  local  field 
approximation  deviates  drastically  from  the  measured 
EDF's  as  to  be  seen  in  Fig.  4. 

In  Fig.  5  the  measured  electron  density  profile  is 
compared  with  results  of  the  nonlocal  approach. 


Fig.  4  Calculated  and  measured  EDF's,  r/ro  =  0.65 


r/'-o 


Fig.  5  Measured  and  calculated  electron  density  profiles 

Final  Remarks 

The  measured  electron  velocity  distribution  function 
(EVDF)  under  our  discharge  conditions  show  a 
distinct  change  of  the  EVDF  in  dependence  of  the 
radial  position.  The  discussed  three  cases  of  the 
simplified  treatment  of  the  imhomogeneous  electron 
kinetics  deliver  different  radial  variations  of  the  EVDF. 
Though  the  supposition  for  the  validity  of  the  NLA 
imder  our  discharge  conditions  are  only  approximately 
fulfilled,  the  NLA  alone  describes  the  radial 
dependence  of  the  EVDF  in  a  satisfactory  agreement 
with  the  experimental  results. 
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Abstract 

Analysis  of  repetition  rate  influence  on  the  PSS 
operation  characteristics  is  presented.  Depletion  of 
neutral  densities  in  the  main  gap  as  function  of  repetition 
rate  is  carried  out. 

I  Introduction. 

In  the  1980s'  a  new  class  of  switches,  so  called 
PseudoSpark  Switches  (P.S.S.)  has  been  developped. 

The  Pseudo-spark  discharge  is  a  low  pressure  gas 
discharge  working  on  the  left  side  of  the  Paschen-like 
hold-off  curve.  The  P.S.S  is  characterized  by  a  fast 
current  breakdown  phase  during  which  the 
corresponding  high  current  density  can  be  achieved  with 
a  diffuse  aspect  discharge  over  a  large  cathodic  area. 
Moreover,  it  is  able  to  operate  at  high  repetition  rate. 

These  features  make  the  P.S.S.  very  attractive. 
Consequently  that  one  becomes  an  alternative  of  usual 
high  power  switches. 

The  purpose  of  this  paper  is  the  investigation  of  the 
repetition  rate  influence  on  the  gas  heating  and 
subsequently  on  the  operating  characteristics  of  the 
P.S.S. 

n  Experimental  set-up. 

The  PSS  trigger  design  corresponds  to  those  of 
Mechtersheimer  et  al  [1].  It  consists  to  inject  electrons, 
in  the  hollow  cathode,  provided  by  the  mean  of  a  pulsed 
low  pressure  glow  discharge  created  back  of  the  cavity. 

During  the  tests  [2],  two  types  of  hole  are  used  :  a 
central  hole,  and  a  ring  hole  allowing  to  increase  the 
active  surface  of  the  hole  while  preserving  a  large  hold- 
off  voltage. 

The  dumping  circuit  is  composed  of  a  6nF  total 
equivalent  capacitor.  The  inductance  of  the  circuit  is 
32nH.  The  capacitors  are  charged  by  a  D.C.  power 
supply  (lOkV,  2kJ.s).  Thus,  the  P.S.S.  absorbs  300mJ. 

The  repetition  rate  is  limited  to  2kHz.  In  these 
conditions,  the  P.S.S.  dissipates  600W  mean. 

m  Preliminary  investigation 

ni-l  Results 

On  figure  1,  at  1  Hz  for  a  10'^  mbar  air  pressure,  we 
note  a  0.9ps  delay  which  corresponds  to  the  hollow 
cathode  glow  discharge  inception.  When  the  repetition 
rate  slightly  increases  (lOHz),  due  to  the  decreasing  of 
the  gas  dielectric  strength,  the  delay  decreases. 
However,  above  25Hz,  the  delay  increasesj  significantly. 
At  250Hz,  the  delay  reaches  1.9ps.  By  increasing  the 
pressure  from  1  to  1.8x10  mbar,  the  delay  falls  down 


to  0.9ps.  At  2kHz,  to  obtain  a  value  close  of  the  initial 
delay  of  0.9ps,  the  pressure  has  to  be  12x10'^  mbar. 


p(10‘^bar)  1  ‘1*8  12 


figure  1 :  triggering  delay  versus  repetition  rate  and  pressure 


We  can  deduced  the  following  conclusions  ; 

1)  The  operating  at  high  repetition  rate  in  air  increases 
the  delay. 

2)  Contrary  to  what  we  could  expect,  the  repetition  rate 
operation  increases  the  switch  dielectric  strength.  This 
significant  feature  is  shown  in  the  figure  2,  where  the 
hold-off  voltage  (DC)  versus  the  pressure  is  compared  to 
that  which  was  obtained  in  the  preliminary  experiment  in 
repetition  rate  operation. 

Thus,  the  2kHz  operation  corresponds  to  a  hold-off 
voltage  of  2kV. 

V  (kV) 


in-2  Interpretation 

First,  we  have  supposed  that  the  Townsend  dark 
discharge  conditions  were  modified  by  increasing  the 
repetition  rate,  i.e.  reducing  the  time  duration  between 
two  successive  switchings.  Nevertheless,  by  drastically 
varying  the  repetetive  rate  from  250Hz  to  2kHz,  the  new 
steady  delay  value  is  reached  only  after  several  seconds. 
Consequently,  hold-off  voltage  conditions  are  not  only 
depending  on  the  electrical  parameters  but,  in  addition, 
on  internal  modifications  of  the  medium  . 

In  single  shot  experitnent,  the  hold-off  voltage  can 
be  considered  as  a  function  of  the  pressure. 
Nevertheless,  as  reduced  fields  are  high,  due  to  low 
pressure  and  small  dimensions,  the  electrons  energy  is 
larger  than  the  neutral  one.  Therefore  the  hold-off 
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voltage  can  be  expressed  rather  as  a  function  of  the 
neutral  density,  i.e.  the  collision  frequency. 

Besides,  it  is  necessary  to  note  that  the  neutral 
density  is  a  decreasing  function  of  the  delay.  When  the 
collision  frequency  increases,  we  reach  self-breakdown 
conditions. 

The  interpretation  of  the  initial  experience  is  given 
below,  on  the  figure  3  where  numbers  indicate  the 
sequence. 


figure  3  :  Experiment  interpretation  (step  by  step) 

When  the  fi-equency  increases,  the  delay  increases, 
i.e.  the  neutral  density  decreases.  So,  the  delay  can  be 
compensed  by  increasing  the  pressure,  corresponding  to 
a  new  neutral  density.  Thus,  we  can  explain  that,  at 
2kHz,  the  self-breakdown  voltage  has  not  reached. 
When  the  power  supply  has  stopped,  the  increased 
pressure  corresponds  to  a  neutral  density  ten  times 
higher,  and  consequently  the  hold-off  voltage  is  only 
2kV. 

The  delay  increase  is  interpreted  therefore  by  a 
decrease  of  neutral  density  in  all  the  interval  (gap  + 
hollow  cathode). 

Assuming,  in  all  parts  of  the  switch,  the 
thermodynamic  equilibrium,  the  interval  depletion 
corresponds  to  the  heating  of  the  medium.  When  the 
injected  energy  in  the  medium  increases,  the  neutral 
temperature  increases  and  the  neutral  density  decreases, 
according  to  the  p  =  nkT  law. 

rV  Measures  at  constant  delay 
IV-1  Results 

As  delay  depends  on  neutral  density,  it  is  possible  to 
measure  the  pressure  variation  at  constant  neutral 
density,  i.e.  at  constant  delay. 

p  (10‘*mbar) 


figure  4  :  Pressure  to  keep  delay  constant  versus  power 

So,  the  pressure  variation  is  plotted  on  the  figure  4 
versus  the  power  injected  at  constant  delay  and  for  three 
different  initial  pressures  pj. 

We  observe  that  variations  increase  as  pf.  However, 
we  must  notice  that  the  maximum  allowed  power 
depends  on  the  plasma  radial  expansion  that  makes  a 
short-circuit  along  the  charged  insulator. 


IV-2  Interpretation 

Assuming  that  current  mainly  correspond  to  an 
electron  beam  [3],  which  yielded  energy  to  the  medium, 
the  probability  that  an  electron  of  the  beam  collides  by 
crossing  the  interval  is  proportional  to  the  neutral 
density. 

Thus,  the  energy  E  yielded  to  maintain  the  plasma  is 
expressed  as: 

ExW.nocW.pi 

where  W  corresponds  to  the  power  dissipated  in  the 
P.S.S.  and  n  the  neutral  density. 


Moreover,  assuming  the  thermodynamic  equilibrium 
for  neutral  species,  we  write  : 

f  Bi  Pi 

By  using  the  previous  experimental  data,  we  obtain 
the  following  curves  (figure  5  ring  curve). 


Tg(eV) 


0,01-1 - ^ - 1 - - 1 - — J - 1 - 1 - 1 

0  200  400  600  800  1000  1200  1400  1600 

W.pi  (W.10'^  mbar) 

figure  5:  Gas  temperature  versus  product  of  initial  pressure  and  power 


The  curves  behaviours  for  the  three  pressures  pi,  at 
constant  delay  are  very  similar  especially  for  a  product 
W.pi  lower  than  to  400.10'^  W.mbar.  That  means  that 
the  gas  temperature  mainly  depends  on  the  energy 
injected  in  the  plasma  (W.pO  and  on  the  cooling. 
Because  this  depends  on  the  repetition  rate  and  on 
physical  conditions,  the  neutral  temperature  variations 
can  be  written : 

In  (Tg/Tgi)  =  k  .W.  Pi  k  :  a  constant 
In  addition,  others  experiments  made  for  a  cathodic 
central  hole  P.S.S.  are  reported  and  compared  with 
previous  results  on  figure  5.  We  observe  a  same  feature 
in  function  of  W.pi.  In  this  case,  the  gas  is  heated  with 
higher  power.  This  is  due  to  the  fact  that  the  electrode 
temperature  for  a  same  total  power  absorbed  by  the 
switch  is  lower  for  the  cathodic  central  hole  than  for  the 
cathodic  ring  hole.  That  corresponds  to  a  best  cooling  of 
the  plasma. 


V  Conclusion 

A  depletion  effect  in  the  gap  is  due  to  neutral 
heating.  The  energy  loss  in  the  gas  is  function  of  W.pi. 
This  argues  in  favour  of  a  beam  electron  transport  mode 
during  the  superdense  glow.  The  cooling  mainly  depends 
on  the  electrodes  and  so  on  their  designs. 


References 

[1]  G  Mechtersheimer.,  R  Kohler.,  T  Lasser.,  R  Meyer. 

JPhysE  SI-19  (1986),  p  466 

[2]  L.  Courtois,  These,  Universite  de  PAU  (1996) 

[3]  G.  Kickman-Anemiya,  R.L.  Liou,  T.Y.  Hsu,  M.A.  Gundersen. 
Physics  and  applications  of  Pseudosparks 

Edited  by  M.A.  Gundersen  and  G.  Schaefer,  Plenum  Press,  NY,  1 990 


XXni  ICPIG  (  Toulouse,  France  )  17  -  22  July  1997 


1144 


A  simple,  local-equilibrium  model  of  negative 
differential  resistance 

S.  B.  Vrhovac,  I.  Stefanovic  and  Z.  Lj.  Petrovic 
Institute  of  Physics,  University  of  Belgrade,  P.O.  Box  57, 

11001  Belgrade,  Yugoslavia 


Introduction 

The  negative  resistance  plays  a  crucial  role  in  the  the¬ 
ory  of  instabilities  and  oscillations  of  the  low-current 
discharges  in  parallel-plane  geometry  [1,  2,  3,  4],  In 
this  paper  we  extend  the  simple  model  developed  by 
Phelps  and  coworkers  [3]  of  the  negative  differential 
resistance. 

Recently  the  interest  in  low  current  diffuse  dis¬ 
charges  has  increased.  The  reasons  are  that  there  are 
still  some  unsolved  properties  of  such  very  simple  dis¬ 
charges  which  were  believed  to  be  exactly  described 
by  a  uniform  field  and  Townsend’s  theory  based  on 
effective  spatial  coefficients.  In  addition  those  dis¬ 
charges  may  be  used  to  determine  transport  coef¬ 
ficients  and  when  operated  at  very  high  E/N  they 
reveal  some  properties  of  sheaths  such  as  nonlocal, 
non-equilibrium  behaviour  and  excitation  induced  by 
heavy  particles.  As  a  result  of  their  simplicity  and 
accuracy  of  the  available  experimental  data  such  dis¬ 
charges  have  recently  become  interesting  to  test  nu¬ 
merical  models  which  would  later  be  applied  to  the 
inhomogeneous,  higher  current,  discharges  [5]. 

A  linear  theory  was  developed  by  Phelps  and 
coworkers  [3]  which  overcomes  some  of  the  limita¬ 
tions  of  the  inherently  nonlinear,  similar  theory  of 
Melekhin  and  coworkers  [4].  Experiments  have  re¬ 
vealed  that  under  some  circumstances,  the  effective 
negative  differential  resistance  (voltage  to  current  ra¬ 
tio)  becomes  nonlinear  [6]  behavior  of  low-current 
electrical  discharges  needed  to  describe  the  experi¬ 
mental  results.  Therefore  we  have  attempted  to  ex¬ 
tend  the  theory  of  low  current  discharges  of  Phelps 
and  coworkers  [3]  but  in  the  process  we  became  aware 
that  Phelps  [7]  has  developed  a  theory  similar  to 
ours  with  details  which  are  still  not  available  to  us. 
The  non-  linearity  in  negative  differential  resistance 
is  the  precursor  of  a  series  of  non-  linear  phenomena 
observed  in  those  discharges  that  lead  eventually  to 
constriction  [8]. 

In  this  paper  analytic  expressions  for  differen¬ 
tial  resistance  are  developed  using  the  steady-state, 
local-equilibrium  model  for  electron  and  ion  motion 
and  a  second-order  perturbation  treatment  of  space- 
charge  electric  fields. 


Theoretical  evaluation 

In  this  section  we  will  calculate  the  negative  differen¬ 
tial  resistance  of  the  discharge  Rd  caused  by  space- 
charge  distortion  of  the  electric  field.  We  limit  the 
discharge  current  so  that  the  perturbation  of  the  ap¬ 
plied  electric  field  is  small.  Thus  we  calculate  the 
space  charge  to  the  second-order  using  the  steady- 
state  ion  and  electron  current  densities  appropriate 
to  a  spatially  uniform  electric  field. 

The  space-charge-induced  electric  field  Eg  is  found 
by  solving  Poisson’s  equation: 

Here  £o  is  the  permittivity  of  free  space,  j  is  the 
total  current  density,  W+  is  the  positive  ion  drift 
velocity  and  ao  is  the  spatial  ionization  coefficient 
appropriate  to  the  unperturbed  electric  field  Eq.  The 
z-axis  is  directed  from  cathode  to  anode  and  d  is 
the  separation  of  the  parallel-plane  electrodes.  By 
integrating  Eq.  (1)  we  obtain 

Es [z)  -  E^P  =  —  ^ -[aoz-  exp(ao (z  -  d)) 
So  yv+  oo 

-l-exp(-aod)]  (2) 

where  eI^^  is  the  electric  field  at  the  cathode  caused 
by  the  space  charge  (E^^^  -  unknown  boundary  con¬ 
dition).  FVom  Eq.  (2)  we  can  calculate 

Svy)  :=  -  /V,(z)  -  EP)dz 

Jo 

= 

and 

6Vy^  ~  -  f\Eyz)  -  EPfdz 

Jo 

Functions  cind  are  known. 

The  second  part  of  derivation  is  the  evaluation  of 
the  potential  change  (fV  between  electrodes  caused 
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by  the  space-charge-induced  electric  field  Es'. 


Discussion 


6V  :=  -  f  E,{z)dz.  (5) 

Jo 

We  first  expand  a  and  7  (ion-induced  electron  yield 
at  the  cathode)  in  Taylor  series  in  the  vicinity  of  the 
unperturbed  field  Eq  to  the  second  order  in  Eg'. 

ol{E)  =  a{Eo)  -b  ai{E  —  Eq) 

+^an{E-Eof  +  oiE%  (6) 


jiE^)  =  jiEo)  +  'y'iE^  -  Eq) 

-E^Y  +  o[{E^f]  (7) 

where  E^  =  Eq  -  Ef^  is  the  (perturbed)  electric 
field  at  the  cathode.  Substituting  these  expressions 
into  the  discharge  maintenance  condition 


exp  I  /  a[E{z)\dz  -  1 


(8) 


and  keeping  only  the  terms  to  the  second  order  in 
Es,  leads  after  some  algebra  to  the  equation  of  the 
second  order  in  5V.  General  solution  can  be  obtained 
in  an  analytical  form: 

=  -  ^  {fc2  +  ±  [(fc2  + 

-4fci  ^  }  (9) 


where 

k\  =  fei(ao,7o,aM',a".7"4) 

k2  =  k2{ao,'yo,ai,'f/,d) 

ks  =  A;3(ao,7o,a/,7/,7//,d) 

*4  =  ^4  (70, 7/4) 

ks  -  k5{ao,'ro,a//,7'i,d) 

ke  =  *6(00,70,  a//,).  (10) 


Finally,  negative  differential  resistance  Rn  is  defined 

[3]  as 


Rn  ■= 


ASV 

Id? 


(11) 


where  A  is  the  electrode  area,  I  total  current  and  6V 
can  be  calculated  from  Eq.  (9).  Equations  (9)-(ll) 
show  that  for  a  given  set  of  electrode  and  gas  param¬ 
eters,  Rm  is  a  function  of  the  variables  W+{E/n), 
aln{E/n)  and  7.  The  final  result  is  too  complex  to 
be  presented  here  but  is  open  to  analytical  analysis 
and  easy  numerics  as  it  is  a  purely  algebraic  result. 


The  predictions  of  our  model  of  negative  differen¬ 
tial  resistance  when  compared  with  published  data 
[1,  2,  3]  and  our  experimental  data  for  low-current 
hydrogen  discharges  give  an  insight  into  the  mecha¬ 
nisms  that  lead  to  development  of  negative  differen¬ 
tial  resistance,  self  sustained  oscillations  in  low  cur¬ 
rent  diffuse  discharges  and  their  transition  to  con¬ 
stricted  regime.  The  present  theory  only  includes 
the  second  order  effects  in  ionization  coefficient  and 
secondary  electron  yield  due  to  ion  bombardment. 
The  basic  feedback  mechanism  assumed  is  the  ion 
drift  to  the  cathode  and  secondary  electron  produc¬ 
tion.  At  higher  pressures  [7],  however  excitation  of 
resonant  states  may  lead  to  emission  which  can  pro¬ 
duce  initial  electrons  at  the  cathode  and  also  diffu¬ 
sion  of  metastables  may  lead  to  negative  differential 
resistance  as  well.  Those  processes  will  have  different 
non-linearities  inherent  in  them.  Generally  however, 
description  of  the  development  of  constrictions  will 
also  require  inclusion  of  non-linear  effects  due  to  elec¬ 
tric  field  deviation. 
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1.  Introduction 

The  subject  of  this  paper  is  to  establish  processes 
of  charged  particle  decay  in  nitrogen  afterglow  from 
the  breakdown  time  delay  data  and  determine  the 
variation  of  the  effective  diffusion  coefficients  from 
the  ambipolar  to  the  free  diffusion  limit.  Hence,  the 
breakdown  time  delay  data  (JJ)  as  a  function  of  the 
afterglow  period  or  relaxation  time  (t)  (the  memory 
curve)  are  modeled  on  the  basis  of  a  simple  diffusive 
model.  The  values  of  the  effective  diffusion  coeffi¬ 
cients  from  the  ambipolar  diffusion  limit  to  the  free 
diffusion  limit  and  effective  electron  temperature  in 
the  afterglow  are  determined. 

2.  Experiment 

The  memory  curves  represent  the  plots  of  the 
mean  value  of  breakdown  time  delay  (?d)  as  a 
function  of  the  afterglow  period  or  relaxation  time 
(r).  The  memory  curves  were  obtained  for  a  gas 
tube  made  of  molybdenum  glass  with  volume  V  — 
160  cm^  and  area  Sw  =  180  cm^.  The  electrodes 
were  copper  rods,  with  area  Se  =  1.3  cm^  and  gap 
d  =  2  mm.  The  tube  was  filled  with  Matheson  re¬ 
search  grade  nitrogen  at  6.6m6ar  pressure. 

During  the  experiment  a  series  of  pulses  is  ap¬ 
plied  to  the  discharge  tube.  The  time  between  the 
voltage  pulses  r  and  the  breakdown  time  delay  td 
were  measured.  The  voltage  of  the  pulse  is  Us+AU, 
where  AU/U,  is  the  fractional  overvoltage  given  in 
percents  and  U,  is  the  static  breakdown  voltage. 
The  glow  current  was  Ig  =0.5  mA  and  glow  time 
tg  =  1  s.  The  mean  vjJues  of  the  time  delay  were 
established  from  series  of  100  measurements.  More 
details  can  be  found  in  [1-3]. 

The  total  time  delay  comprises  of  the  statisti¬ 
cal  time  delay  t,  and  the  formative  time  tf,  i.e. 
td  =  if  +tf  [4].  The  statistical  time  delay  can 
be  expressed  ast^=l/YP,  where  Y  represents  a 
number  of  generated  electrons  in  the  inter-electrode 
space  per  second  (electron  yield),  and  P  the  prob¬ 
ability  of  one  electron  to  cause  the  breakdown.  If 
we  assume  that  the  breakdown  probability  is  P  «  1 
at  AU/U,  =  50%,  the  effective  electron  yield  in  the 


interelectrode  space  can  be  obtained  as  Y  »  1/i.. 
Since  standard  deviation  of  statistical  time  delay 
is  equal  to  the  mean  value  of  statistical  time  de¬ 
lay  <r(t,)  =  <7  [4]  and  ff(f<j)  «  n’(fj),  we  obtain 
the  mean  value  of  statistical  time  delay  in  the  form 
<7  =  o^(td)  =  1/^  which  is  associated  with  electron 
production  and  used  for  modeling  of  relaxation  pro¬ 
cesses  in  afterglow  [3]. 

3.  Charged  particle  decay  in  after¬ 
glow  by  simple  diffusive  model 

The  temporal  behavior  of  the  breakdown  time 
delay  due  to  decay  of  kms  as  discharge  precursors 
can  be  followed  by  numerically  solving  the  following 
two  equations  for  the  diffusion  and  loss  of  ions  on 
surfaces  and  for  the  yield  of  secondary  electrons  [3]: 

^  =  DefjV^Ni-kr,cN?,  (1) 

Yj  =  PiNi\E{Vc/2)/AT.  (2) 

The  first  term  on  the  right' hand  side  of  (1) 
designates  the  transitional  diffusion  with  the  ef¬ 
fective  ion  diffusion  coefficient  extending  from  an 
ambipolar  diffusion  limit  to  a  free  diffusion  limit 
[5],  and  the  second  one  is  the  dissociative  recom¬ 
bination  term.  The  value  for  the  dissociative  re¬ 
combination  coefficient  iferec  ~  [6] 

is  taken.  The  equation  (1)  is  solved  by  the  finite 
difference  method.  The  grid  is  developed  that  cor¬ 
responds  to  our  mostly  cylindrical  geometry  with 
exact  representation  of  geometry,  assuming  com¬ 
pletely  absorbing  electrode  and  glass  surface  for 
ions  (1V,|b,iv  =  0).  In  previous  equations  Ni\E  is 
the  ion  number  density  at  the  front  electrode  sur¬ 
face  (fV,|w  corresponds  to  the  wall  surface),  Vc  is 
the  volume  of  the  inter-electrode  space  and  AT  is 
the  numerical  time  step. 

In  the  first  step,  the  stationary  density  dis¬ 
tribution  is  calculated  on  the  basis  of  estimated 
concentration  in  the  inter-electrode  space  (Nio  ~ 
10'°  cm~®).  In  the  second  step,  the  density  distri¬ 
bution  during  the  decay  is  followed.  The  value  for 
the  effective  diffusion  coefficient  is  varied  ranging 
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from  ein  ambipolar  diffusion  limit  to  the  free  diffu¬ 
sion  limit  [5]  in  order  to  fit  the  experimental  data. 
The  fitting  of  experimental  data  with  constant  and 
transitional  effective  diffusion  coefficient  and  prob¬ 
ability  Pi  Rj  10”^  is  shown  in  Figs  1,2.  For  the 
early  afterglow  times  of  the  order  of  ~  0.1ms  all 
the  conditions  for  the  ambipolar  diffusion  are  met, 
i.e.  A/  Xoi  >  100,  where  Xoi  =  v/(eo  ib7i)/(fV,- e^) 
is  Debye  length  for  ions  [5].  For  those  times  however 
dissociative  recombination  dominates  and  diffusion 
coefficient  cannot  be  determined.  For  greater  times 
the  effective  diffusion  coefficient  can  be  obtained 
and  Deff  =  110  cm^s”^  gives  the  best  fit  up  to 
20  ms  (Figs  1,2),  and  A/  Xm  from  about  100  to  1. 
Above  20  ms  a  relatively  rapid  transition  to  the  free 
diffusion  coefficient  (D,-  ~  8cm^s“^)  is  needed  to 
fit  the  data  (Figs.  1,2),  and  should  be  a  linear 
function  of  A/  A/j,-.  According  to  our  calculations, 
the  region  of  transition  to  free  diffusion  coincides 
with  A/  Xoi  1  “  0*1. 


Fig.  1.  The  electron  yield  Yj  in  the  inter-electrode 
space  vs  r  at  Dej j  =  const  (broken  curve)  and  with 
transitional  Defj  (solid  curve). 

According  to  the  theoretical  calculations  of  the 
temporal  evolutions  in  discharge  and  post-discharge 
regimes  of  electronically  and  vibrationally  excited 
molecules  as  well  electron  energy  distribution  func¬ 
tion  [7]  the  very  early  afterglow  is  characterized  by 
very  fast  relaxation  of  initieil  electron  energy  distri¬ 
bution  function  to  a  quasi-stationary  state  where 
superelastic  vibrational  collisions  compensate  the 
inel^lstic  vibrational  losses  and  the  mean  electron 
energy  Se  decreases  to  a  quasi-stationary  value  of 
0.45  eV  in  times  of  the  order  (10"^  —  10“®)  a.  The 
quasi-stationary  state  described  by  vibrational  tem¬ 
perature  and  quasi-stationary  f  e  value  change  self- 
consistently  (in  times  of  the  order  of  10“®  — 10“^  s) 
as  a  result  of  the  variation  of  a  vibrational  distri¬ 
bution  [7].  In  this  time  interval  the  diffusion  is 
the  predominant  relaxation  process  (Figs  1,2).  If 
Dejj  is  expressed  as  Dg/f  ~  Di{Tg/Ti)  (like  in  am¬ 


bipolar  diffusion  limit  [5])  and  assuming  that  the 
ion  temperature  JJ  is  equal  to  the  gas  temperature 
Tg  =  300  if  and  Di  ~  8cm*s”^  under  our  con¬ 
ditions,  it  follows  that  the  electron  temperature  is 

TeWdOOOif  (£e»  0.5eF). 


T  (s) 


Fig.  2.  The  net  electron  yield  Vs  vs  r  from  the  ion 
induced  secondary  electron  emission  Yj,  from  the 
gas  phase  iV2(A®E+ )  metastable  states  Ya  and  from 
the  surface-catalyzed  excitation  mechanism  Y)v  [1]. 

The  constant  diffusion  coefficient  and  electron 
temperature  (comparable  with  the  vibrational  tem¬ 
perature  [7])  in  the  above  calculations  indicate  that 
the  superelastic  heating  of  electrons  in  collisions 
with  vibrationally  excited  molecules  is  the  dom¬ 
inant  channel  and  not  with  the  fV2(i4®Ej)  state 
since  its  number  density  decays  several  orders  of 
magnitude  in  this  afterglow  period  (Fig.  2).  In  the 
late  afterglow  (Fig.  2)  the  second  order  breakdown 
initiation  mechanism  begins  to  dominate  which  is 
assigned  to  the  atomic  recombination  of  nitrogen 
atoms  on  the  cathode  surface  as  a  source  of  sec¬ 
ondary  emitted  electrons  [1]. 
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1.  Introduction 

We  present  correlations  among  the  extensive  set  of 
experimental  measurements  on  low-pressure,  parallel- 
plane  discharges  in  Ar  carried  out  at  JILA  between 
1984  and  1994.  The  solid  curve  of  Fig.  1  shows 
representative  steadyrstate,  discharge  voltage  versus 
ciurent  data  at  2  Torr  for  a  1  cm  electrode  spacing  and 
a  3.9  cm  radius  [1,2].  The  arrows  lead  from  the  steady- 
state  values  to  measured  radial  spatial  distributions  of 
emission  or  to  transient  voltages  and  currents.  Similar 
plots  will  correlate  other  data  cited  below. 

2.  Townsend,  subnormal,  or  dark  discharges 

Discharges  operating  at  currents  from  zero  to  values  at 
which  constrictions  are  observed  (near  0.2  mA  in  Fig. 
1  are  called  "Townsend,"  subnormal,  or  "dark" 
discharges.  At  the  lower  currents,  measurements 
using  dc  and  pulsed  voltages  show  a  linear  decrease  of 
voltage  with  current,  i.e.,  a  constant  negative 
differential  voltage  to  current  ratio  (NDVCR)  [1]. 
Digital  photographs  of  the  discharge  emission  taken 
through  a  semitransparent  anode  [1,3]  show  that  these 
discharges  are  diffuse  (lower,  left  insert  in  Fig.  1).  The 
transient  voltage  and  current  (upper,  left  insert)  show  a 
damped  oscillatory  approach  to  the  steady-state  [1,2]. 
As  the  average  current  is  increased  the  oscillation 
frequency  increases  and  the  damping  decreases  until 
self-sustained  oscillations  occur  (top,  center  insert  in 
Fig.  1)  [1,2].  The  oscillatory  discharges  are  highly 
constricted  (bottom,  center  insert)  [3].  Reduction  of  the 
circuit  capacitance  minimizes  the  current  range  of  the 
self-sustained  oscillations  [1,2,4].  Models  [2,4] 
including  the  effects  of  space-charge  fields  on  the  ion- 
induced  electron  yield  at  the  cathode  give  frequencies 
of  damped  oscillations  in  agreement  with  experiment  at 
0.3  to  2  Torr,  but  not  at  0.12  Torr  [1].  Measurements 
of  charge  collected  following  laser  induced  avalanches 
test  models  of  ionization  growth  and  of  secondary 
electron  production  [1].  Axial  scans  of  emission  show 
the  importance  of  excitation  in  collisions  of  fast  Ar 
with  Ar  [5].  A  small  angle  between  the  nominally 
parallel  electrodes  results  in  an  asymmetry  of  the 
discharge  that  switches  sides  with  pressure  to  reflect 
the  pressure  dependence  of  the  breakdown  voltage  [6]. 

3.  Constricted  or  normal  dischaiiges 

At  intermediate  currents  (0.2  mA  to  5  mA  in  Fig.  1) 


the  discharges  are  constricted  to  an  area  smaller  than 
the  area  of  the  cathode.  At  2  Torr  pressure  analyses 
of  digital  photographs  of  the  emission  taken  through 
the  semitransparent  anode  [1,3]  show  the  flat-topped 
radial  distributions  (lower,  right  inset  in  Fig.  1)  that 
expand  with  current  as  previously  observed  visually. 
Analyses[l]  of  the  photographs  show  that  the  average 
current  density  in  the  constricted  region  is  nearly 
constant  at  the  "normal"  value  and  that  the  constriction 
area  is  in  rough  agreement  with  recent  theories  [7]. 
The  quasi-steady-statc  voltage  is  very  nearly 
independent  of  current  as  reported  previously.  At  pd 
values  below  0.3  Torr-cm  the  onset  of  the  constriction 
is  delayed  by  roughly  0.5  millisecond  before  moving  to 
the  wall  and  rotating  [1]. 

4.  Above  normal  or  abnormal  discharges 

As  the  current  is  increased  the  discharge  expands  until 
it  fills  the  discharge  tube  (near  5  mA  in  Fig.  1).  The 
current  density  for  this  condition  (100  pA/cm’)  is  the 
"normal"  current  density  and  is  within  the  spread  of 
published  values.  Our  voltage-current  data  for 
"abnormal"  discharges  is  shown  in  Fig,  1.  Transient, 
axial  spatial  distributions  of  emission  and  voltage  and 
current  waveforms  [8]  at  currents  near  the  normal 
current  show  the  development  of  the  cathode  fall  and 
the  importance  of  fast  atom  collisions.  Window 
blackening  by  sputtering  prevented  photographs  of  the 
radial  emission  distribution  at  these  currents. 
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Figure  1.  Discharge  voltage  versus  current  for  Ar  at  2  Torr.  The  upper  set  of  insets  shows  the  transient  current  and 
voltage,  while  the  lower  set  shows  the  radial  distribution  of  emission.  The  arrows  connect  the  insets  with  their 
respective  steady-state  voltages  and  currents. 
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l-Experiment 

A  method  to  generate  electron  beams  in  the  same  range  of 
operating  parameters  as  in  pseudo-sparks  has  been  reported 
recentlyf'*:  it  uses  the  basic  principle  of  superposition  of  two 
discharges,  the  main  one  being  established  by  applying 
high  voltage  pulses  between  an  open  hollow  cathode  and 
an  anode,  the  auxiHaiy  one  creating  a  preliminary  plasma 
in  the  cathodic  region. 

Among  possibfe  configurations,  the  one  under  study  (Fig.  1) 
allows  to  extend  to  some  10cm  the  beam  length.  It  uses  a 
3cm  diameter  discharge  tube  presenting  a  common  KiKj 
hollow  cathode  to  serve  both  as  the  main  pulsed  discharge 
cathode  and  the  auxiliary  dc  discharge  cathode.  A,  andAj 
are  the  pulsed  discharge  and  the  dc  discharge  anodes, 
respectively.  The  anode  A^  plays  the  role  of  a  diaphragm 
for  the  main  discharge.  A  metallic  grid  around  the  discharge 
tube  at  the  same  potential  as  the  diaphragm  is  used  to 
increase  the  stability  of  the  electron  beam. The  beam 
develops  longitudinally  on  the  tube  axis  between  K,  and 
A,,  very  stable  and  finely  controlled  by  the  auxiliary 
discharge.  It  is  associated  with  a  filamentary  discharge, 
appearing  as  a  1  to  2mm  diameter  plasma  channel  produced 
homogeneously  along  the  beam  path. 

The  beam  current  is  extracted  through  a  circular  hole  drilled 
in  anode  A,  and  collected  by  a  Faraday  cup  coupled  to  a 
non  inductive  shunt  of  0.6Q  through  a  serial  resistor,  giving 
a  total  equivalent  resistor  R.  When  passed  by  the  beam 
current  I(,(t),  the  Faraday  cup  is  self  biased  to  a  repulsive 
voltage  RIb(t)  such  that  selection  is  operated  in  the  beam 
energy  distribution  function  g(u)  following  the  relation 

oo 

Ib(t)  =  c  /  (U)''^g(u)  du 

Klb(t) 

where  c  is  a  constant  involving  electron  charge  and  mass 
and  extraction  hole  area  A,  given  by  c  =  e’'^  A  (2/m)''^  The 
knowledge  of  curves  Ib(t)  for  several  values  of  R  allows 
deconvohiting  previous  relation  to  determine  at  each  t  value 
the  corresponding  g(u)  through  relation  : 

cg(RIb)  =  -[dIb/d(RI,)]  /  (RI^’'^ 


2- Resiilts 

Let  denote  with  index  j=l,2  the  quantities  relative  to  the 
cases  of  1  mm  and  2  mm  anodic  aperture  respectively. 
Fig.  2  shows  oscillograms  of  recorded  I^  (t),  for  several 
values  of  R  between  0.6Q  and  500Q.  Common  discharge 
conditions  were  O.lTorr  pressure  of  Argon  and  50kV 
breakdown  voltage. 

Fig.3  gives  calculated  g,(u),  evidencing  at  earlier  times  a 
"fast"  electron  tail  evoluting  later  to  a  slower  quasi 
maxwellian  distribution.  As  an  example,  corresponding  n, 
and  T,  values  are  estimated  respectively  around  1.2  10” 
cm”  and  80  eV  for  t=40ns. 

The  distribution  (u)  exhibits  the  same  evolution,  with  a 
lower  ratio  between  fast  and  slow  population,  as  evidenced 
in  Fig.4  where  are  shown  simultaneously  g,  (u)  and  (u) 
at  time  of  the  common  first  maximum  value,  I^^,  of  I^j  (i.e. 
t=32ns).  The  comparison  between  cases  j=l  andj=2  gives 
a  rough  indication  on  the  radial  distribution  in  g;  in  fact,  the 
mean  distribution  function  for  beam  electrons  out  of  axis 
by  a  distance  between  0.5  and  1mm  can  be  estimated  fi-om 
the  relation 

g3  =  (4g2-gl)/3 

It  is  shown  on  Fig.  4  at  time  t=32  ns. 

Finally,  using  comparison  of  I^j  for  0.6Q  and  500Q  and 
the  mean  energy  of  energetic  electrons  (=  15keV),  as 
measured  in  [2],  we  estimate  that,  at  time  of  1^^  that  we 
have  previously  shown  to  coincide  with  energetic  electron 
beam  emission,  these  energetic  electrons  carry  electron 
density  and  current  respectively  around  iij/lO  and  1/30  of 
(0.6  Q).  It  appears  thus  that  electron  beam  is  dominated 
by  medium  energy  electrons  in  the  range  of  100  eV,  very 
interesting  for  laser  and  physico-chemical  applications. 
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1.  Introduction 

High  voltage  hollow-cathode  glow  discharges  are  used 
to  generate  pulsed  intense  electron  beams  with 
remarkable  parameters.  Recently  such  pulsed  electron 
beams  were  generated  with  high  efficiency  in  a 
preionization  controlled  open  ended  hollow  cathode 
configuration  (PCOHC)  [1],  This  configuration  can 
work  either  with  metallic  or  dielectric  electrodes  and  the 
generated  electron  beams  turned  out  to  have  a  very  good 
spatial  stability  and  reproducibility.  The  electron  beam 
parameters  are  similar  to  those  of  the  electron  beams 
generated  in  pseudospark  discharges  [2,3].  Some 
parameters  of  the  extracted  electron  beams  such  as 
intensity  were  improved  by  using  a  multielectrode 
device  similar  to  those  used  in  pseudosparks  [4].  In  this 
work  the  dependence  of  the  beam  intensity  from 
breakdown  voltage,  external  capacity  and  distance  from 
the  anode  back  face  is  studied  for  both  single  gap  and 
multigap  configurations. 

2.  Set-up  and  results 

The  single-gap  and  multigap  configurations  have  70  mm 
length  and  34  mm  diameter  metallic  open  ended  hollow 
cathodes.  The  six-electrode  system  and  the  anode  (for 
single  gap  configuration)  have  2  mm  central  bore  holes, 
20  mm  bore  holes  in  the  insulators  and  the  thicknesses 
for  both  the  electrodes  and  insulators  are  of  2  mm.  The 
hollow  cathode  is  placed  1 .5  cm  from  the  first  floating 
electrode.  The  anode-cathode  gap  in  the  single  gap 
configuration  is  about  2  cm  long.  The  working  gas  is  air 
at  pressures  between  30  and  50  Pa,  measured  at  the  drift 
chamber  level.  The  optimal  preionization  current  [2] 
was  of  1  mA  for  the  single  gap  configuration  and  of  0.1- 
0.8  mA  for  the  multigap  configuration.  The  optimal 
preionization  current  is  increasing  with  the  discharge 
voltage  in  the  multigap  case.  External  capacities 
between  0.9  and  10  nF  were  used.  The  discharge  voltage 
was  measured  with  a  Tektronix  P6015A  high  voltage 
probe  and  the  beam  current  was  measured  behind  the 
anode  bore  hole  at  distances  between  1.5  and  12  cm 
with  a  moveable  Faraday  cup  having  an  internal 
resistance  of  about  1 .2  Q.  In  Fig.  1  the  dependencies  of 
the  beam  peak  current  with  the  breakdown  voltage  are 
given  for  both  multigap  and  single  gap  configurations. 


The  beam  currents  were  measured  at  1 .5  cm  behind  the 
anode.  As  it  can  be  observed,  the  beam  peak  current  is 
strongly  dependent  on  the  breakdown  voltage  and  is 
more  than  two  times  increased  when  the  multielectrode 
system  is  used. 


breakdown  volt.  (kV) 

Fig.  1  Beam  peak  current  versus  breakdown  voltage  for 
multigap  and  single  gap  configurations 

Similar  with  pseudosparks  [5],  the  beam  current  has  two 
or  more  different  peaks  which  can  be  better  separated 
for  longer  distances  between  the  Faraday  cup  and  the 
anode.  For  small  distances  (1.5  cm)  the  separation  of  the 
peaks  is  better  when  the  breakdown  lasts  longer  and  for 
higher  breakdown  voltages.  In  the  multigap 
configuration  the  different  peaks  of  the  beam  are  better 
separated  (Fig.  2)  and  therefore  it  was  possible  to 
observe  the  attenuation  of  two  different  beam  peaks. 


t(ns) 

Fig.  2  Beam  current  waveforms  measured  at  1.5  and  4 
cm  respectively  behind  the  anode  hole  (22  kV, 
air  at  40  Pa,  C=0.9  nF) 
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Fig.  2  presented  one  current  waveform,  obtained  in  the 
multigap  configuration  for  22  kV  breakdown  voltage, 
measured  at  1 .5  and  4  cm  behind  the  anode.  The  FWHM 
of  the  beam  current  was  of  about  4-6  ns  in  the  single  gap 
configuration  and  of  about  7-10  ns  in  the  multigap  one. 
It  was  observed  that,  by  using  external  capacities 
between  0.9  and  10  nF  the  maximum  beam  current  do 
not  depend  on  the  external  capacitor.  However,  the 
beam  duration  is  slightly  increased  when  higher 
capacities  are  used  (from  7.5  ns  for  0.9  nF  to  aprox.  9  ns 
for  10  nF).  In  Fig.  3  are  given  the  peak  current 
attenuation  curves  for  different  breakdown  voltages 
obtained  in  the  single  gap  configuration  (air  at  50  Pa, 
0.9  nF  external  capacitor). 


distance  (cm) 

Fig.  3  Beam  peak  attenuation  curves  for  different 
breakdown  voltages  (air  at  50  Pa) 

All  the  peak  currents  for  each  attenuation  curve  were 
divided  to  the  peak  current  of  the  first  measuring  point 
placed  at  1 .2  cm  behind  the  anode  hole  and  the  current 
maximum  value  was  obtained  on  the  second  peak  (see 
Fig.  2).  Analysing  the  attenuation  curves  one  can 
observe  that,  by  increasing  the  breakdown  voltage  not 
only  the  energy  of  the  beam  energetic  component  [4] 


distance(cm) 

Fig.  4  Beam  attenuation  curves  for  single  gap  and 
multigap  (peak  I  and  II  )  configurations  (air  at 
50  Pa,  22  kV  breakdown  voltage) 

(that  forms  most  of  the  first  peak)  is  increased,  but  also 
the  energy  of  the  low  energy  component  (forming  the 
second  peak).  In  Fig.  4  normalized  beam  attenuation 
curves  are  given  for  single  gap  configuration  and 


multigap  configuration  (max.  beam  -  II  peak  and  for  I 
peak).  For  both  curves  shown  in  Fig.  3  and  4  the  errors 
were  estimated  to  be  less  than  10  %.  Due  to  the 
relatively  large  diameter  of  the  Faraday  cup,  at  distances 
between  1 .2  and  8  cm  the  beam  divergence  may  not  play 
an  important  role.  Here  only  a  sensible  improvement  of 
beam  transmission  can  be  observed  in  the  multigap 
configuration  in  comparison  with  the  single  gap  one, 
suggesting  that  not  the  average  beam  energy  is  the 
modified  parameter.  It  is  very  possible  for  the  beam 
divergence  to  be  the  main  parameter  that  is  changing, 
explaining  thus  the  strong  improvement  of  the  beam 
transmission  at  high  distances.  The  much  lower 
attenuation  of  the  first  peak  confirms  the  hypothesis  that 
the  electron  energy  is  much  higher  for  the  first  peak  [6] 
and  the  emittance  of  this  peak  is  better  than  the  one  of 
the  second  peak  [7]. 

3.  Discussion 

As  it  was  discussed  before  [6],  the  electron  beam  peak 
current  does  not  depend  on  the  external  capacity,  but 
only  on  breakdown  voltage,  gas  pressure  and  self¬ 
capacitance  of  the  discharge  tube.  The  same  also  was 
observed  in  a  similar  pseudospark  configuration  using 
the  same  investigation  methods  at  similar  gas  pressures 
(15-20  Pa).  The  present  results  confirm  the  different 
electron  energy  structure  within  the  different  beam 
peaks  and  the  varying  beam  energy  of  the  low  energy 
component  for  different  breakdown  voltages.  In  next 
future  time  resolved  optical  spectroscopy  performed  by 
fast  open  shutter  and  streak  photography  will  be  used  in 
parallel  under  the  present  conditions  in  order  to  explain 
decisive  aspects  of  beam  formation  and  propagation. 
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Nowadays  the  kinetic  nature  of  S-  and 
P-striations  in  the  glow  discharge  under  low 
pressures  and  not  high  currents  is  proved  un¬ 
doubtedly  both  experimentally  and  theoreti¬ 
cally  [1-4].  The  mechanizm  of  these  waves 
origin  is  determined  by  nonlocal  character  of 
electron  energy  distribution  function  (EEDF) 
formation  in  the  space-periodic  fields  and  does 
not  have  a  hydrodynamic  2inalogy  in  principle. 
The  other  example  of  succesfull  application  of 
nonlocal  approach  is  the  description  of  near¬ 
anode  region  of  the  DC  nonstratificated  glow 
discharge  [5]. 

In  the  present  work  the  experimental 
and  theoretical  investigation  of  the  EEDF  be¬ 
haviour  in  the  S-  and  P-striations  as  they  pass 
through  the  near-anode  region  of  neon  dis¬ 
charge  imder  low  pressures  is  carried  out 
(  p  =  1  2  torr ,  f  =  10  ^  20  mA , 

X,  cm 


0  5  10 


Fig.l.  Potential  profile  for  P-striation.  X=0 
corresponds  to  anode. 


R  =  1.4  cm ).  Plasma  potential  and  EEDF 
measurements  at  different  distances  from  an¬ 
ode  and  in  the  different  phases  of  strata  were 
performed  by  means  of  mobile  probe  that  al¬ 
lows  to  exclude  the  plasma  potential  oscilla¬ 
tions  as  a  whole  with  respect  to  anode  and 
therefore  to  make  correct  measurements  of 
potential  space  dependence  along  strata  length 
[4].  The  experimentally  measured  potential 
dependence  (dots)  and  its  approximation 
(solid  curve  ^^(e))  for  P-striations 
(p  =  1  torr,  2  =  20  mA)  is  represented  in 
Fig.l  for  the  moment  just  after  an  abrupt  po¬ 
tential  curve  drop  as  a  whole  with  respect  to 
anode  that  is  connected  with  the  passing  of 
strong  field  range  of  strata  through  the  anode 
region.  At  this  moment  the  potential  wells  and 
reverse  electric  fields  near  the  anode  are  ab¬ 
sent.  In  Fig.2  the  transformation  of  EEDF 


Fig.2.  EEDF  measured  in  the  near-anode  region 
for  P-  striation.  X=0  corresponds  to  anode 
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measured  in  P-striations  as  they  pass  through 
the  anode  region  at  the  different  distances  from 
anode  is  shown.  One  can  see  a  decrease  of 
EEDF  amplitude  as  he  appoaches  nearer  to  the 
anode  where  at  first  a  decrease  of  slow  elec¬ 
trons  takes  place  and  then  this  process  involves 
more  and  more  fast  electrons.  At  the  distance  4 
mm  the  electron  density  falls  by  more  than  one 
order.  The  EEDF  measured  in  the  undisturbed 
positive  column  do  not  reveal  the  similar  de¬ 
crease  and  are  reproduced  quite  well  from  one 
strata  to  another  as  we  move  further  from  the 
anode. 

The  theoretical  calculations  of  EEDF  in 
the  near-anode  region  of  stratificated  discharge 
can  be  carried  out  on  the  basis  of  kinetic  equa¬ 
tion  [2]  in  variables  z  =  w  +  e(p{x),  x  (e  - 
total  energy,  w  -  kinetic  energy)  for  the  en¬ 
ergy  values  0  <  to  <  Ej : 

8  dfg(E,x)  ^ 

dx  3v(v)  dx 

^  2 

+  —  v(i;)v  Vo  (£>  a;)  =  0 

ds  M  Joy  >  > 

It  is  supposed  that  in  the  balance  of  energy  the 
inelastic  impacts  prevail  and  electron-electron 
collisions  can  be  neglected.  If  the  EEDF  drop 
in  the  inelastic  range  is  quite  sharp  it  is  possi¬ 
ble  to  use  a  zero  boundary  condition  for  the 
EEDF  on  the  first  excitation  level  of  atoms  Sj 

=  0 

The  solution  of  these  equations  may  be  written 
as  follows 

vfs  xT 

/o(s,x)  =  0(8)  j  3  ’  dx'  = 

=  0(s)Fo(s,x) 

where  0(s)  -  amplitude  of  EEDF.  The  kinetic 
energy  on  the  curve  X2(s)  equals  the  first 
excitation  level  s^.  The  calculation  of  integral 
Fg(s,x)  depends  on  the  form  of  X2(s),  in 


addition  on  the  anode  F(,(s,x)|^^q  =  0.  Am¬ 
plitude  0(s)  was  found  by  analogy  with  [4], 
where  there  are  two  maxima  in  the  energy  in¬ 
terval  0  8 1 ,  which  are  shifted  on  the  value 

8p  -  the  potential  drop  on  P-strata.  The 

yfwfg  (w,  x)  calculations  results  in  the  near¬ 
anode  region  are  represented  in  Fig. 3.  It  is 
clear  that  the  nonlocal  theory  discribes  quite 
well  the  EEDF  decrease  measured  as  strata 
moves  to  the  anode. 


Fig.3.  EEDF  calculated  in  the  near-anode  region 
for  P-striation.  X=0  corresponds  to  anode. 
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1.  Introduction 

We  have  used  a  Monte  Carlo  simulation  to 
determine  the  energy  distribution  of  the  ion  and  fast 
neutral  fluxes  at  the  cathode  in  low  pressure  DC 
glow  discharges  in  argon  at  1  torr.  The  electrodes 
are  plane  and  parallel  and  separated  by  a  distance  of  4 
cm.  The  relative  sputtering  rates  of  a  gold  cathode 
due  to  the  incident  ion  and  fast  neutral  fluxes  were 
also  calculated,  and  we  find  that  the  fast  neutrals 
cause  most  of  the  sputtering.  The  long  term  goal  cf 
this  work  is  the  development  of  a  self-consistent 
model  of  cathode  sputtering  in  glow  discharges  for 
mass  spectrometry  [1].  The  point  P2  of  Table  I  is 
representative  of  the  discharge  conditions  for  this 
application. 

2.  Description  of  the  model 

The  Monte  Carlo  simulations  were  performed  for 
different  points  along  the  voltage-current 
characteristic  for  argon  at  1  torr.  The  discharge 
current  density,  voltage  and  sheath  length  Were  taken 
fi-om  previous  calculations  and  are  given  in  Table  I 
for  two  points. 

Our  Monte  Carlo  simulation  is  standard.  The  ion 
trajectories  are  followed  from  the  sheath  edge  to  the 
cathode.  The  electric  field  is  supposed  to  be  purely 
axial  and  to  vary  linearly  with  distance  from  the 
cathode.  Ionization  in  the  sheath  is  taken  into 
account  for  the  point  PI,  but  this  has  little  effect  on 
our  results.  Ionization  in  the  sheath  is  neglected  for 
the  point  P2.  Fast  neutrals,  created  in  collisions 
between  the  ions  and  the  background  gas  (at  300°K), 
are  simulated  until  they  reach  the  cathode  or  until 
their  energy  drops  below  a  certain  cut-off  (0.5  eV  in 
the  results  shown  here). 

The  collision  processes  we  consider  are  charge 
transfer  collisions  and  elastic  collisions  (between 
ions  and  slow  neutrals  and  between  fast  neutrals  and 
slow  neutrals).  In  charge  transfer  collisions,  the 
neutrals  exit  the  collision  events  with  the  energy  cf 
the  incident  ion.  The  energy  transfer  in  elastic 
collisions  is  calculated  supposing  that  the  elastic 
collisions  are  isotropic  in  the  center  of  mass  frame. 
We  have  used  cross  sections  (ion-neutral  &  neutral- 
neutral)  for  these  processes  recommended  by  Phelps 
[2]. 


Point  PI  Point  P2 

INPUT 

voltage  (V) 

196. 

1000. 

current  density  (mA/cm'^) 

0.52 

30. 

sheath  length  (cm) 

0.15 

0.053 

RESULTS  1 

mean  ion  energy  at  the 
cathode  (eV) 

18.4 

294. 

average  number  of 
collisions  per  ion  in  the 
sheath 

26 

8 

mean  energy  of  fast 
neutrals  at  the  cathode  (eV) 

6.0 

80. 

average  number  of 
collisions  per  fast  neutral 
in  the  sheath 

3 

1.5 

ion  contribution  to 
sputtering 

23% 

29% 

fast  neutral  contribution  to 
sputtering 

77% 

71% 

Table  I  Discharge  conditions  used  as  input  and  a 
summary  of  the  results  of  the  simulations.  The 
voltage,  current  density  and  sheath  length  for  PI 
are  taken  from  Fiala  et  al  [3]  and  those  for  P2  are 
referenced  in  Phelps  [2],  The  term  fast  neutrals' 
refers  to  neutrals  with  an  energy  greater  than  0.5 
eV. 


3.  Results  of  our  model 

Certain  results  from  our  calculations  are  summarized 
in  Table  I,  and  the  ion  and  fast  neutral  flux  energy 
distributions  are  shown  in  figs.  1  and  2  for  points  PI 
and  P2,  respectively.  The  mean  energy  of  the  fest 
neutrals  (neutrals  with  energies  greater  than  0.5  eV) 
incident  on  the  cathode  is  considerably  less  than  that 
of  the  ions.  Nevertheless,  the  flux  of  fast  neutrals  to 
the  cathode  is  greater  than  the  incident  ion  flux  fix 
particles  with  energies  less  than  150  eV  and  500  eV, 
respectively,  for  points  PI  and  P2.  The  ion  and  the 
fast  neutral  fluxes  decrease  almost  exponentially  with 
energy,  except  for  the  low  energy  component  of  the 
neutral  flux. 
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Energy  (eV) 

Figure  1.  Energy  resolved  flux  distributions  of  ions 
and  fast  neutrals  for  the  conditions  of point  PL 

We  use  the  data  for  the  sputtering  yield  vs  incident 
particle  energy  given  by  Yamamura  et  al  [4]  to 
determine  the  sputtered  atom  flux  due  to  the  Incident 
ions.  Consistent  with  theory,  we  suppose  that  the 
sputtering  yield  is  independent  of  the  charge  of  the 
incident  particle.  From  these  data  and  the  ion  flux 
energy  distributions,  we  calculate  the  sputtered  atom 
flux.  For  the  conditions  here,  the  neutrals  cause 
most  of  the  sputtering.  This  is  consistent  with  the 
findings  of  Bogaerts  et  al  [5]  in  argon  at  1  keV. 


Energy  (eV) 


voltage.  In  general,  C  is  not  known  a  priori  because 
the  charge  exchange  cross  section  depends  on  energy. 
The  ion  flux  distributions  from  this  model  are 
compared  to  our  simulations  in  figs.  1  and  2,  where 
we  have  used  the  value  of  C  from  our  simulations. 
For  both  PI  and  P2,  the  simple  model 
underestimates  the  flux  of  sputtered  atoms  due  to  the 
incident  ion  flux. 

4.  Conclusion 

These  results  show  that,  for  the  range  of  discharge 
conditions  studied,  cathode  sputtering  is  largely 
controlled  by  incident  flux  of  fast  neutrals. 
Calculations  for  a  wider  range  of  discharge 
conditions  and  for  other  cathode  materials  are  in 
progress. 
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Figure  2.  Energy  resolved  flux  distributions  of  ions 
and  fast  neutrals  for  the  conditions  of point  P2. 

Davis  and  Vanderslice  [6]  have  developed  a  simple 
analytical  model  for  the  ion  flux  energy  distribution 
function  in  DC  glow  discharges.  This  model  is  often 
cited  and  used  to  estimate  the  importance  of  cathode 
sputtering  from  sputtering  yields.  This  model  is 
based  on  several  simple  hypotheses  :  (1)  the  electric 
field  is  supposed  linearly  decreasing  from  the 
cathode  ;  (2)  ionization  in  the  sheath  is  neglected ; 
(3)  elastic  collsions  are  neglected ;  and  (4)  the 
charge  transfer  cross  section  is  independant  of  energy. 
With  these  hypotheses,  ion  flux  energy  distribution 
can  be  expressed  as  a  function  of  C,  the  number  of 
collisions  per  ion  in  the  sheath,  and  the  discharge 
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Faculty  of  Textile  Science 

1  Introduction 

It  is  well  known  that  the  helical  instability  can  be 
excited  in  the  inert  gas  positive  coltunn  in  the  applied 
axial  magnetic  field  JS[1].  Lately,  ionization  waves  or 
helical  waves  in  the  electronegative  gas-positive 
column  in  the  field  B  greater  than  a  certain  critical 
field  were  theoretically  studied  by  Daniel  et  al.[2], 
and  Matsumoto,  one  of  the  present  authors[3]. 
Volynests  et  al.  have  shown  that  existence  of  negative 
ions  leads  to  a  significant  difference  of  the  charged 
particle  radial  distributions  from  the  zeroth  order 
Bessel  fimction  type  [4], 

We  here  report  some  experimental  results  about 
relations  between  the  critical  field  B^  and  a  small 
amount  of  mixed  SFg  gas.  Further,  we  discuss  those 
experimental  results  comparing  with  the  theoretical 
analysis. 

2  Experiment 

The  basic  arrangement  used  throughout  the  present 
experiments  is  shown  in  Fig.l.  A  discharge  tube  with 
inner  radius  1.3cm  is  150cm  long,  and  of  hot  cathode 
type. 

The  enclosed  He  gas  is  in  a  range  of  pressure  P=(0. 1 
~  0.5)Torr,  and  mixed  with  a  small  amount  of  SFg 
gas  equal  to  or  less  then  5%.  Here,  SFg  gas  is  put  in 
through  a  microgage  valve  (S)  on  the  anode  side. 
Discharge  currents  Ip  are  in  (50~200)  mA. 


Fig.  1  Scheme  of  the  experimental  system 


The  instability  waves  are  analyzed  by  Lock-in-Amp. 
using  the  light  signal  through  movable  Light 
Guide(L.G).  The  strength  of  the  axial  electric  field  Eq 
is  measured  by  two  probes  Pj  and  Pj.  The  mean 
potentials  V(r)  are  measured  along  the  radial  direction 
using  the  rotational  probe  (Pj^)  with  low  path  filter 
(L.P.F.)  of  the  cut  off  frequency  -  lOHz.  Here, 
electrical  signals  through  the  probe  (Pj^)  are  arranged 
by  a  personal  computer. 

Figure  2  shows  the  characteristic  features  of  the 
discharge  voltage  ^PK  to  the  strength  of  field  B 
depending  on  the  amount  of  mixed  SFg  gas,  each  ratio 
of  which  is  given  to  SFg/He  =  0.0%,  =  0.5%,  =  2%  and 
=  3%. 


Fig.2  Characteristic  features  of  the  discharge 
voltage  ^PK  to  the  mixture  ratios  SFg/He 


The  discharge  voltage  Vpj-  in  the  positive  column 
mixed  less  than  SFg/He  =  1%  is  small  compared  with 
the  case  of  He  gas,  and  also  the  critical  field  B^ 
becomes  smaller,  i.e.  the  column  plasma  becomes  more 
unstable  as  to  the  helical  wave.  Fmther,  with  the 
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increase  of  SFg,  the  frequency  of  an  excited  m  =  \  mode 
helical  wave  increases.  As  the  amount  of  SFg  gas 
increases  more  then  1%  of  He  gas,  potential  oscillations 
extended  to  lOkHz  are  excited,  even  at  the  field  5  =  0. 
The  discharge  voltage  Vpj^  increases  with  the  amount 
of  SFg  gas,  and  the  critical  field  comes  to  be  obscure. 

Then,  we  show  the  frequency  of  the  w  =  1  wave  as  a 
fimction  of  the  critical  field  in  Fig.3.  Curve  (a) 
shows  the  results  for  He  positive  column,  and  Curve  (b) 
for  various  gas  pressures  in  the  mixture  ratios  SFg/He 
less  than  1%. 


Fig.3  Frequency  of  the  m  =  1  wave  at  the  critical 
field  depending  on  mixture  ratios  SFg/He 
in  He  gas  pressure  less  than  0.5  Ton- 


Figures  4(a)  and  (b)  show  the  dependence  of  the  radial 
potential  distribution  (V(r)-V(O))  on  the  ratios  SFg/He 
and  on  the  strengths  of  the  field  B,  respectively.  Figure 
4(a)  shows  that  magnitudes  of  V(r)  become  larger  as 
increasing  the  ratios  SFg/He,  each  of  which  is  given  to 
SFg/He  =  0.0%,  =  0.2%  and  0.8%. 


Fig.4  (a)  Radial  potential  distribution 

depending  on  the  ratios  SFg/He 


The  injection  effect  of  a  small  amount  of  SFg  gas  on 
the  potential  distribution  is  corresponded  to  the  case  of 
the  rare  gas  positive  column  at  reduced  gas  pressure. 

And  Fig.4  (b)  shows  that  the  potential  distributions 
are  according  to  the  ambipolar  diSusion  theory  in 
tendency  for  the  strengths  of  B,  similar  to  the  rare  gas 
positive  coluitm. 


Fig.4  (b)  Radial  potential  distribution  depending 
on  the  strength  of  B 

3  Discussion 

The  amount  of  negative  ions  is  considered  to  increase 
with  the  ratios  SFg/He.  With  this  increase,  as  shown  in 
Figs.2  and  3,  the  frequency  of  m  =  1  helical  wave 
increases  and  their  critical  field  B^  decreases,  i.e  the 
positive  column  becomes  more  unstable  as  to  the 
helical  wave,  as  proposed  by  Matsumoto.  The  frequency 
of  the  w  =  1  wave  is  understood  to  originate  in  the 
magnetized  5X5  drift  due  to  the  ambipolar  field  5^ 
as  shown  in  Fig.4.  By  the  field  5^  which  is  mainly 
proportional  to  the  logarithmic  derivative  of  the 
electron  density  with  respect  to  r,  th  negative  ions  tend 
toward  the  axis.  With  the  space  charge  neutrality,  the 
plasma  contracts  and  5^  is  considered  to  become  larger. 
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In  [1 ,2]  the  fast  gas  heating  at  high  values  of  E/n 
was  fixed  for  two  types  of  discharge  in  air;  freely 
localized  microwave  discharge  in  focused  beam 
and  pulse-periodic  discharge  limited  by 
chamber  walls.  For  explanation  of  such  fast 
heating  the  kinetics  model  was  used,  in  which 
the  quenching  of  electronically  excited  states  of 
nitrogen  molecules  was  taken  into  account.  In 
[3]  the  model  of  kinetics  processes  in  nitrogen- 
oxygen  mixture  was  worked  out.  This  model 
describes  the  dynamics  of  main  components  of 
such  mixture  excited  by  discharge  with  high 
values  of  reduced  electric  field.  The 
characteristic  feature  of  suggested  model  at 
description  of  gas  heating  in  discharge  is  taking 
into  account  quenching  metastables  atoms 
0('D)  by  oxygen  atoms  and  atoms  0('D)  by 
nitrogen  molecules.  It  is  proposed  that  70  %  of 
excitement  energy  0('D)  is  spent  on  gas  heating. 
The  results  of  calculations  with  the  help  of 
model  [3]  of  the  kinetics  of  gas  heating  are  in 
good  agreement  with  experiment  [1,2].  For 
explanation  the  fast  gas  heating  at  high  values 
of  E/n  at  air  pressure  p>100  torr  the  kinetics 
model  is  proposed  in  [4],  in  which  the  gas 
heating  is  conditioned  by  casced  quenching  at 
VT-relaxation  of  high  electronic  excited 
states  of  nitrogen 


molecules.  The  calculations  following  this 
model  satisfactorily  coordinates  with 
experimental  data  connected  with  gas  heating  in 
freely  localized  microwave  discharge  in  air  [1 ,5]. 
For  elucidation  of  concrete  channel  of  gas 
heating  at  high  values  E/n  in  present  work 
kinetics  of  the  molecular  gas  heating  was 
studied  for  the  pulsed  discharge  burned  up  in  a 
tube  with  the  diameter  of  1  cm  in  nitrogen- 
oxygen  mixture  under  the  pressure  of  0.1 -1.0 
ton-.  The  partial  pressure  of  oxygen  in  mixture 
is  changed  from  0  to  20  %.  Modulator  produced 
the  pulses  duration  up  to  100  ps,  voltage  from 
0.5  to  25  kV  discharge  current  from  0.1  to  20  A. 
The  time  dependence  of  the  gas  temperature, 
the  density  of  atomic  oxygen,  the  electric  field  in 
plasma,  the  electron  energy  distribution 
function,  their  temperature  and  density  were 
determined  by  using  spectral  and  probe 
methods. 

Investigations  of  gas  heating  kinetics  and 
EEDF  showed  (Fig.l,  p  =  0.8  torr,  i  =  0.65  A, 
5[02],%:  1-1.5;  2-7.5;  3-20)  that  value  of  electric 
field  was  large  at  initial  stage  of  pulse  and, 
because  of  it,  the  number  of  fast  electrons  on 
EEDF  was  great.  It  leads  to  increasing  the  rate 
of  excitation  of  high  electronic  states  of 
molecules;  in  turn,  this  leads  to  increasing  the 
concentration  of  these  molecules.  Deexcitation 
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these  molecules  leads  to  fast  gas  heating.  At  this 
the  number  of  fast  electrons  decrease  at 
relaxation  of  EEDF  to  stationary  state.  It  leads 
to  decreasing  gas  heating  rate  at  pulse  ending. 
On  Fig. 2  the  dependence  of  relate  density  of 
oxygen  atoms  from  time  for  full  pressure  of 
nitrogen-oxygen  mixture  p=0.4  torr  and 
discharge  current  i  =  0.65  A  at  different  partial 
pressure  of  molecular  oxygen  5,%:  1  -  0.5;  2  - 
4.0;  3  -  8.5;  4  -  20  is  presented.  It  is  showed,  that 
with  increasing  of  oxygen  part  in  nitrogen- 
oxygen  mixture  the  quantity  of  atomic  oxygen 
increases  and  that  necessary  time  for  working 
out  the  atomic  oxygen  is  higher  than  100  ps  in 
conditions  of  experiment. 

On  Fig.  3,  4  the  electron  density  and  the  rates  of 
gas  heating  in  dependence  on  partial  molecular 
oxygen  pressure  are  presented  (p.torr:  1-0.4;  2- 
0.8,  dotted  lines  are  result  of  calculation  [6]). 

The  results  of  our  investigations  let  us  conclude 
that  for  high  values  of  reduced  electric  field  E/n 
>100  Td  quenching  of  longlived  electronically 
excited  states  of  nitrogen  molecules  is  one  of  the 
main  mechanisms  resulting  in  gas  heating,  while 
contribution  of  quenching  channel  of  oxygen 
metastable  atoms  does  not  exceed  30%. 
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1.  Introduction 

The  periodic  structures  of  plasmas  caused  by  s-  and 
p-striations  represent  an  interesting  subject  in  the 
context  of  the  nonlocal  kinetic  behaviour  of  the  elec¬ 
trons  in  collision  dominated  plasmas.  An  important 
aspect  of  this  problem  concerns  the  electron  kinetics 
under  the  action  of  periodic  electric  fields.  Several  ef¬ 
forts  [1,  2]  have  been  untertaken  in  order  to  treat  this 
problem.  Recently,  an  efficient  approach  for  solv¬ 
ing  the  one-dimensional  inhomogeneous  Boltzmann 
equation  has  been  developed.  Using  this  approach, 
the  electron  relaxation  behaviour  under  the  action 
of  homogeneous  electric  fields  has  been  comprehens¬ 
ively  studied  [3].  At  moderate  field  strengths  peri¬ 
odic  structures  have  been  generally  found  in  the  elec¬ 
tron  velocity  distribution  function.  The  idea  that 
these  structures  are  of  the  same  basic  nature  as  those 
occurring  in  striations  is  analysed.  Furthermore,  the 
relaxation  of  the  electrons  to  unique  periodic  states 
maintained  by  the  strongly  modulated  electric  fields 
in  the  striations  is  investigated. 

2.  Basic  Aspects  of  the  Kinetics 

The  theoretical  investigations  are  based  on  the  solu¬ 
tion  of  the  space-dependent  Boltzmann  equation 

V-  Vr/  -  =  <7''(/)  +  '£cjtif)  (1) 

k 

for  the  velocity  distribution  f{v,r)  of  the  electrons 
with  the  charge  -eo  and  the  mass  m.  This  equa¬ 
tion  includes  the  impact  of  the  periodic  electric  field 
E{z)  =  Eo{l  +  sm{2'Kz I Ke))Sz  with  a  modulation 
degree  0  <  /?  <  1.  The  action  of  elastic  colli¬ 
sions  (G®*)  and  various  kinds  of  conservative  inelastic 
collision  processes  (G^")  of  electrons  with  neutral 
particles  are  taken  into  account  by  appropriate  col¬ 
lision  integrals.  As  the  direction  of  the  electric  field 
and  its  inhomogeneity  are  parallel  to  the  ^-direction, 
the  velocity  distribution  function  gets  the  reduced 
dependence  f{v,  v^/v,  z)  and  can  be  expanded  in  Le¬ 
gendre  polynomials.  In  two  term  approximation  the 
distribution  function  has  the  representation 

[fo{U,z)  +  MU,z)^]  , 

U  =  fv\  u  =  lul  .  (2) 

The  substitution  of  this  expansion  into  the 
Botzmann  equation  yields  finally  a  parabolic  dif¬ 
ferential  equation  system  for  the  isotropic  and  an¬ 
isotropic  part  foiU,z)  and  fi{U,z)  of  the  velocity 


distribution  function.  By  introducing  the  total  en¬ 
ergy  e  =  U  -  E{z)dz  ■  (-eo)  and  eliminating  the 
anisotropic  distribution  part  /i  this  equation  system 
is  transformed  into  a  parabolic  equation  of  standard 
form  which  can  be  solved  with  appropriate  bound¬ 
ary  conditions  as  initial  boundary  value  problem  in 
a  nonrectangular  region  of  e  and  2:  [4].  In  the  nu¬ 
meric  calculations  performed  for  the  neon  plasma 
three  lumped  cross  sections  for  the  excitation  of  the 
s-states  (Qi),  of  the  p-  and  all  higher  bound  states 
(Qa),  and  for  the  ionization  (Qs)  has  been  used  with 
the  corresponding  energy  losses  Ui,i  =  1,2,3.  The 
ionization  has  been  treated  as  an  excitation  process. 

3.  Results 

Former  investigations  [3]  of  the  electron  relaxation 
in  homogeneous  fields  Eh  showed  that  spatially  lim¬ 
ited  disturbances  excite  periodic  structures  in  the 
electron  distribution  function  which  are  caused  by 
the  interplay  of  electron  acceleration  in  the  field  and 
backscattering  in  inelastic  collisions.  If  the  energy 
loss  in  elastic  collisions  is  neglected  and  only  the 
lowest  excitation  process  is  taken  into  account  these 
structures  are  undamped  and  have  a  period  length  of 
A*  =  Ui/{-eoEh)-  The  inclusion  of  the  energy  loss 
in  elastic  collisions  and  of  the  excitation  of  higher 
atomic  states  leads  to  a  damping  of  the  periodic 
structures  and  enlarges  their  period  length.  This  en¬ 
largement  is  shown  in  Fig.  1  for  a  range  of  the  nor¬ 
malized  electric  field  strength  Eh/p  where  the  en¬ 
largement  of  the  period  length  and  the  damping  is 
mainly  caused  by  the  energy  loss  in  elastic  collisions. 
Period  lengths  pA  obtained  from  the  solution  of  (1) 
for  homogeneous  fields  Eh  are  compared  in  Fig.  1 
with  those  (pAs,pAp)  measured  in  s-  and  p-striations 


Fig.  1  -Ei/p,  -<E>/p  (V/(torrcm)) 
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Fig.  2 


pz  (torr  cm) 


as  a  function  of  the  period  averaged  field  <  E  >  jpoi 
the  striations.  The  good  agreement  of  calculated  and 
measured  lengths  confirms  that  the  periodic  struc¬ 
tures  occurring  in  the  striations  are  mainly  caused 
by  the  nonlocal  electron  kinetic  properties. 

In  order  to  clarify  whether  under  the  action  of 
a  periodic  field  an  unique  state  is  established  in 
the  velocity  distribution,  Fig.  2  shows  at  the  space 
positions  zp  —  k  -ph-E,  A:  =  6, 12  for  the  above  si¬ 
nusoidal  field  the  calculated  isotropic  distribution 
for  the  spatial  relaxation  initiated  by  three  differ¬ 
ent  boundary  values  at  pz  =  0.  The  calculations 
have  been  performed  for  the  period  averaged  field 
strength  Eo/p  =  —  2V/(torr  cm),  the  modulation  de¬ 
gree  0  =  0.9  typical  of  the  striations,  and  the  period 
length  pAs  =  9.67  torr  cm  determined  from  the  cor¬ 
responding  periodic  structures  occurring  in  a  homo¬ 
geneous  field  with  Eh/p  =  Eo/p.  All  isotropic  dis¬ 
tributions  are  normalized  on  the  same  magnitude  of 
the  electron  particle  current  density  and  formally  di¬ 
vided  by  a  common  density  n/j.  The  spatial  evolu¬ 
tion  of  the  isotropic  distributions  distinctly  demon¬ 
strates  that  a  unique  periodic  state  is  reached  for 
all  three  boundary  values.  In  the  lower  part  of  Fig.  2 
the  spatial  evolution  of  the  corresponding  normalized 
density  n(zp)/n/,  =  U^/^fo(U,pz)dU/nh  and  of 
the  normalized  excitation  frequency  of  the  s-states 

C  UNQi{U)MU,pz)dU  are  dis¬ 
played  for  all  three  relaxation  processes.  Almost  over 
the  same  distance  both  macroscopic  quantities  are 
established  into  their  unique  periodic  state. 

Figure  3  presents  the  spatial  evolution  of  the  iso¬ 
tropic  distribution  over  three  periods  of  its  estab¬ 
lished  periodic  state.  The  strong  modulation  of  the 
periodic  electric  field  which  is  shown  in  the  upper 
part  of  this  figure  enforces  a  similarly  strong  modu¬ 


lation  of  the  distribution  function.  The  evolution  of 
the  distribution  maxima  clearly  illustrates  the  res¬ 
onance  path  of  the  electrons  under  the  action  of  the 
periodic  field. 

Further  results  related  to  the  electron  behaviour 
in  s-striations  as  well  as  in  p-striations  will  be  re¬ 
ported  and  discussed  in  the  poster  presentation. 
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1.  Introduction 

Obstructed  regime  of  a  DC  glow  discharge  is  character¬ 
ized  by  low  pd  product  (p  being  the  gas  pressure  and 
d  the  electrode  separation)  so  that  even  the  cathode  fall 
region  is  not  completely  developed  [1,2].  The  electrode 
separation  is  smaller  than  the  normal  cathode-fall  thick¬ 
ness,  which  obstructs  the  usual  electron  multiplication 
mechanism.  In  order  to  maintain  the  discharge,  higher 
electric  field  is  therefore  required  (the  ratio  of  the  elec¬ 
tric  field  intensity  to  gas  density  £/n  can  achieve  several 
kTd).  The  field  decreases  towards  the  anode,  but  it  re¬ 
mains  considerably  high  even  at  the  anode,  especially  at 
low  pd  values  [2]. 

Plane-parallel  obstructed  glow  discharges  have  been 
extensively  studied  both  experimentally  and  theoretically 

[3] .  They  provide  the  possibility  to  test  available  scatter¬ 
ing  models  and  transport  theories  at  high  and  spatially- 
dependent  electric  fields  [2]. 

2.  Experiment 

The  experimental  electrical  characteristics  of  hydrogen 
DC  glow  discharge  were  measured  in  the  plane-parallel 
discharge  tube  consisting  of  20  mm  diameter  graphite 
electrodes  separated  by  gap  of  4.6  nun  [2].  Changing 
the  gas  pressure  enabled  us  to  vary  the  degree  of  the  dis¬ 
charge  obstruction.  Experimental  values  of  the  discharge 
voltage  vs  pressure  at  a  constant  value  of  current  are  used 
as  input  parameters  to  our  model. 

3.  Model 

In  this  paper,  we  have  improved  our  previously  devel¬ 
oped  self-consistent  Monte  Carlo  model  of  the  discharge 

[4] .  The  improvements  concern  mainly  (i)  the  inclusion 
of  fast  neutral  species  produced  in  reactions  of  energetic 
ions  with  gas  molecules  [5,6],  (ii)  inclusion  of  various 
heavy-particle  impact  ionization  processes  [5,6]  and  (iii) 
the  possibility  of  electron  and  ion  reflection  from  the  elec¬ 
trodes  [3,7].  The  basic  model  is  briefly  summarized  as 
follows. 

The  motion  of  electrons,  ions  (H+,  Hj ,  Hj ,  H“) 
and  fast  neutrals  (H,  H2)  inside  the  discharge  gap  is  fol¬ 
lowed  by  the  Monte  Carlo  technique.  The  scattering 
processes  with  background  gas  molecules  and  the  corre¬ 
sponding  cross  sections  are  based  on  [5,6,8].  An  elec¬ 
tron  avalanche  spreading  from  the  cathode  creates  H'*' 
and  HJ  ions  through  (dissociative)  electron  impact  ion¬ 
ization.  These  ions  can  convert  to  other  ionic  species  or 


produce  new  ions  and  neutrals  as  they  move  to  the  cath¬ 
ode.  All  the  secondary  particles  are  treated  within  the 
simulation.  Fast  neutrals  are  considered  as  thermalized 
when  their  energy  decreases  below  0.05  eV  and  in  that 
case  are  no  longer  treated  in  the  simulation. 

The  spatial  dependence  of  the  electric  field  is  deter¬ 
mined  iteratively  [2].  The  initial  approximation  is  usu¬ 
ally  a  constant  or  a  linearly  falling  electric  field.  Starting 
from  this  initial  guess,  the  electron  simulation  part  is  run 
and  the  ion  source  function  is  produced.  It  serves  as  input 
for  the  ion  simulation  part,  which  produces  space-charge 
densities  for  the  Poisson  equation  solver.  In  order  to  close 
the  iteration  cycle,  the  relation  of  electron  and  ion  current 
at  the  cathode  is  required.  We  have  used  the  experimental 
current  value  to  deduce  this  relation  [2].  The  new  electric 
field  profile  is  finally  obtained  from  the  Poisson  solver 
with  the  aid  of  the  experimental  voltage  value.  Extra  elec¬ 
trons  produced  during  the  ion  simulation  part  are  used  to 
modify  the  distribution  of  their  starting  positions  for  the 
next  iteration.  Usually,  two  or  three  iterations  suffice  to 
achieve  the  convergence  of  the  field  profile. 

The  reflection  of  electrons  at  the  anode  was  mod¬ 
eled  according  to  the  theoretical  reflection  coefficient  as 
a  function  of  incident  electron  energy  and  the  angle  of 
incidence,  obtained  for  graphite  in  [7].  The  reflection  of 
hydrogen  ions  and  neutrals  at  the  cathode  is  known  to 
produce  almost  exclusively  H  atoms  as  reflected  species 
[3].  The  reflection  coefficient  per  Incident  nucleus  for 
graphite  surface  was  taken  from  [3].  The  results  we  ob¬ 
tained  showed  only  a  very  limited  effect  of  both  electron 
and  heavy-particle  reflection. 

Monte  Carlo  simulation  method  provides  the  detailed 
information  about  the  kinetics  of  various  species  in  the 
discharge.  This  enables  us  to  study  the  role  of  these 
species  in  the  discharge  maintenance.  Using  experimen¬ 
tally  measured  voltage-current  characteristics  to  relate 
the  electron  and  ion  current  at  the  cathode  makes  it  pos¬ 
sible  to  deduce  the  secondary  electron  yields  correspond¬ 
ing  to  the  experiment. 

4.  Results 

Experimental  characteristics  of  the  discharge  are  shown 
in  Fig.  1.  Corresponding  spatial  distributions  of  calcu¬ 
lated  electric  field  are  presented  in  Fig.  2.  Note  the  sen¬ 
sitivity  of  the  discharge  voltage  and  the  intensity  of  the 
field  at  the  anode  on  the  value  of  pressure. 

As  an  example  of  the  discharge  kinetics,  we  present 
in  Fig.  3  relative  abundances  of  the  ion  and  fast  neu¬ 
tral  species  at  the  cathode  for  various  discharge  operat- 
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Fig.  1:  Experimental  voltage-pressure  characteristics. 


Fig.  3;  Relative  abundances  of  ions  and  fast  neutrals  in  particle 
flux  at  the  cathode. 

ing  conditions.  It  can  be  seen  that  the  flux  of  fast  neu¬ 
trals  is  about  1.5  to  3.5  times  higher  than  that  of  ions, 
depending  on  pressure.  Note  that  the  dominant  incident 
ion  species  is  H"*"  at  all  pressures,  while  in  our  previous 
model  it  was  mainly  Hj  [4].  This  results  from  differ¬ 
ent  discharge  kinetics  in  present  model;  however,  when 
comparing  the  present  electric  field  profiles  from  Fig.  1 
to  those  obtained  in  our  previous  model  [4],  one  can  see 
that  they  are  almost  unchanged.  A  sensitivity  study  in¬ 
dicates  the  relative  independence  of  the  field  profiles  on 
scattering  model  details  [4]. 

The  abundance  of  H’*'  in  the  total  ion  flux  at  the  cath¬ 
ode  under  similar  Ejn  conditions  was  also  found  in  low- 
pressure  Townsend  discharge  both  experimentally  and 
theoretically  [5].  Note  that  the  relative  abundances  at 
the  cathode  are  not  related  to  relative  contributions  to 
the  total  space  charge;  at  lower  pressures,  gives  the 
major  contribution  as  found  in  [4].  At  higher  pressures, 
H3  gives  the  dominant  contribution  at  the  anode  side  and 
both  H"*"  and  at  the  cathode  side. 

The  contribution  to  the  overall  electron  production 
within  the  discharge  is  plotted  in  Fig.  4  as  a  function  of 
pressure.  It  can  be  seen  that  the  ionization  by  heavy  parti¬ 
cles  does  not  exceed  10%.  Note  the  import^t  role  of  fast 
neutral  species  H,  H2  even  at  higher  pressures  as  well  as 
the  efficiency  of  H“  ions  in  spite  of  their  low  density. 


Fig.  2:  Spatial  distribution  of  calculated  electric  field. 


Fig.  4:  Relative  contributions  of  various  species  to  the  overall 
electron  production  in  the  discharge. 

Acknowledgments 

The  authors  thank  A.  V.  Phelps  for  discussions  and  en¬ 
couragement.  This  work  was  supported  in  part  by  the 
Slovak  Grant  Agency  (grant  No  1/2312/95)  and  the  Hun¬ 
garian  Science  Foundation  (grant  No  F-015502). 

References 

[1]  A.  Guntherschulze:  Z.  Phys.  61  (1930)  581 

[2]  Z.  Donk6,  K.  Rozsa,  R.  C.  Tobin  and  K.  A.  Peard: 
Phys.  Rev.  E  49  (1994)  3283 

[3]  See,  for  example,  Z.  Lj.  Petrovic,  B.  M.  Jelenkovic 
and  A.  V.  Phelps:  Phys.  Rev.  Lett.  68  (1992)  325 

[4]  Z.  Donko,  T.  §imko  and  K.  Rozsa:  Europhys.  Conf. 
Abstracts  20E  (1996)  149 

[5]  T.  Simko,  J.  Bretagne,  G.  Gousset,  M.  V.  V.  S.  Rao, 
R.  J.  Van  Brunt,  J.  K.  Olthoff,  Y.  Wang,  B.  L.  Peko 
and  R.  L.  Champion:  Bull.  Am.  Phys.  Soc.  41  (1996) 
1332 

[6]  A.  V.  Phelps:  J.  Phys.  Chem.  Ref.  Data  19  (1990)  653 

[7]  K.  Ohya,  K.  Nishimura  and  I.  Mori:  Jap.  J.  Appl. 
Phys.  30  (1991)  1093 

[8]  S.  J.  Buckman  and  A.  V.  Phelps:  JILA  Information 
Center  Report  No  27  (1985) 


XXni  ICPIG  ( Toulouse,  France  )  17-22  July  1997 


The  Cathode  End  of  a  dc  Helium  Positive  Column  as  a  Place  of 
Origination  of  Ionization  Waves 

L.  Sirghi*,  K.  Ohe  and  G.  Popa** 

Department  of  Systems  Engineering,  Nagoya  Institute  of  Technology,  Showa-ku,  Nagoya  466,  Japan 
"Faculty  of  Physics,  “Al.  I.  Cuza”  University,  b-dul  Copou,  no.  11,  Iasi  6600,  Romania 


1.  Introduction 

The  plasma  of  the  positive  column  (PC)  of  a  dc 
discharge  in  rare  gases  is  known  to  be  the  subject 
of  either  self-  or  externally-  induced  ionization 
waves  [1,  2].  Although,  some  early  hydrodynamic 
models  have  been  successfully  used  to  explain 
some  important  characteristics  of  the  ionization 
waves  [3],  it  became  clear  that  only  a  kinetic 
model  provides  a  proper  base  for  a  theoretical 
approach  [4],  Because  of  the  small  energy  losses 
in  the  elastic  collision  range,  the  electron  energy 
distribution  (EEDF)  in  PC  plasma  of  a  dc 
discharge  in  inert  gases  has  a  strong  nonlocal 
character  [5],  An  initial  perturbation  in  the  body 
of  the  EEDF,  i.e.  an  injection  of  a  number  of  low 
energ)'  electrons,  in  a  certain  place  of  an  axially 
homogeneous  PC,  leads,  via  acceleration  in  axial 
electric  field,  and  inelastic  collisions,  to  a 
downstream  reproduction  of  the  initial 
perturbation.  Because  of  the  fluctuations  in 
plasma  density,  fluctuations  of  Ei  also  occurs,  fact 
which  can  lead,  in  certain  conditions,  to  a 
downstream  development  of  ionization  waves  (6J. 

The  aim  of  the  present  work  is  to  provide 
experimental  evidence  on  the  role  of  the  cathode 
inhomogeneity  of  the  PC  as  a  place  of  “injection” 
of  the  initial  disturbance  in  the  EEDF.  It  is 
known  that  the  cathode  end  of  a  PC  in  a  dc 
discharge  in  helium  appears  as  a  series  of  highly 
dumped  standing  striations  [7].  Following  an 
initial  pulse  disturbance  in  the  discharge  current. 
Id,  a  bunch  of  low  energy  electrons  appear  on  the 
anode  side  of  the  first  striation  (cathode  end  of 
the  PC).  This  bunch  of  electrons,  which  is  formed 
as  an  effect  of  local  increase  of  the  ionization 
rate,  evolves  following  the  above  described 
scenario  into  an  ionization  wave  packet. 

2.  Results  and  discussion 

The  experiments  were  carried  out  in  a  dc 
hot  cathode  discharge,  the  discharge  tube  having 
4.5cm  in  diameter  and  60  cm  in  length,  in  helium 
al  0.75  Torr  and  discharge  current  of  200  inA, 
conditions  in  which  the  PC  was  ionization  wave 
free.  In  order  to  observe  the  response  of  PC  to  an 


external  perturbation,  a  50  ps  width  pulse  in  Ij 
was  periodically  applied,  via  a  coupling  capacitor, 
to  the  discharge.  An  axially  movable  Langmuir 
probe  was  used  to  measure  the  EEDF,  plasma 
potential,  K,  electron  mean  energy,  s,  and 
electron  density,  n,  [8]  in  either  the  stationary  or 
perturbed  state  of  the  PC  [9]. 

The  axial  patterns  of  the  radially  emitted 
light  intensity(389  nm),  «<.,  e,  and  K,  are 
presented  in  Fig.  1,  the  cathode  being  at  z  =  0. 
The  cathodic  parts  of  the  discharge  can  be 
distinguished  as  the  cathodic  fall  (1  cm),  the 
negative  glow  (3  cm),  the  Faraday  Dark  Space 
(FDS)  (2  cm)  and  the  cathode  head  of  the  PC. 
The  electrons  emitted  by  the  hot  cathode  are 
aecelerated  in  the  cathodic  fall  and,  due  to  the 
inelastic  collisions  generate  the  high  density 
plasma  of  the  negative  glow.  The  FDS  is  the 
region  of  low  E^,  where  the  current  continuity  is 
assured  by  the  strong  axial  diffusion  [9].  At  a 
distance  of  6  cm  from  the  cathode  E:  increase 
again  due  to  the  opposite  diffusion  of  the 
electrons  in  the  standing  striation  formed  at  the 
cathode  end  of  the  PC.  Here,  the  electrons  coming 
from  the  FDS  are  aecelerated  by  E^,  so  that  the 
plasma  production  (and  «*)  increases  towards  the 
anode. 

As  a  result  of  an  initial  pulse  disturbance 
applied  to  Id,  fluctuations  in  the  EEDF  occur. 
Figs.  2  present  the  temporal  evolution  of  the 
EEDF  and  (regarded  as  EEDF  integral  over  the 
energy  space)  at  an  incipient  (Fig.  2  a)  and  at  a 
later  (Fig.  2  b)  stages  of  the  formation  of  an 
ionization  wave  packet.  An  increase  in  the  low 
energy  electron  density  occurs  on  the  anode  side 
of  the  first  standing  striation  of  PC  (z  =  9  cm), 
immediately  after  the  initial  disturbanee  (Fig.  2 
a).  It  seems  that  whole  column  is  affected  by  the 
initial  disturbing  pulse,  but  a  perturbation  in  the 
EEDF  appears,  immediately  after,  only  in  the 
region  of  the  axial  inhomogencity  formed  the 
cathode  end  of  the  PC.  The  positive  pulse  in  Id 
corresponds  to  an  increase  in  charge  particle 
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Fig.  1  Axial  distributions  of  light  intensity  (389  nm), 
til,  Vi  and  s 
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Fig.  2  Temporal  fluctuations  of  EEDF  induced  by  a  U 
pulse  disturbance  at:  a)  the  cathode  end  of  PC;  b)  at 
large  distance  from  the  cathode. 


production  rate,  i.e.  and/or  in  E^.  An  increase 
in  El,  along  the  region  of  axial  inhomogeneity 
formed  at  the  cathode  end  of  plasma  column 
(where  E^  has  larger  values  then  those  in  the  rest 
of  the  PC),  leads  to  an  increase  in  the  number  of 
high  energy  electrons  in  the  EEDF  tail  and,  as  a 
result,  to  an  increase  in  the  charge  particle 
production.  Thus,  a  low  energy  electron  bunch  is 
generated  at  the  anode  side  of  the  first  striation  of 
the  cathode  end  of  the  PC.  No  relevant 
fluctuations  in  the  body  of  the  EEDF  are  observed 
immediately  after  the  disturbing  pulse  at  places 
situated  far  from  the  cathode  end  of  the  PC  (Fig. 
2  b). 

3.  Conclusion 

The  cathode  end  of  a  PC  of  a  dc 
discharge  in  helium  was  investigated  using  the 
Langmuir  probe  technique  in  order  to  provide 
experimental  evidence  on  the  incipient  stage  of 
development  of  a  ionization  wave  packet.  It  is 
shown  that,  as  a  result  of  a  pulse  disturbance 
applied  to  the  discharge  current,  a  low  energy 
bunch  of  electrons  is  produced  at  the  anode  side 
of  the  first  striation  formed  at  the  cathode  end  of 
PC. 

Because  the  electron  energy  relaxation 
length  is  long  in  the  elastic  collision  energy 
domain  and  relatively  short  in  the  inelastic 
collision  one,  a  perturbation  in  EEDF  at  the 
cathode  end  of  the  positive  column  becomes  the 
cause  of  the  formation  of  other  downstream 
fluctuations  in  the  electron  distribution,  rii  and 
El,  thus  leading  to  the  development  of  an 
ionization  wave  packet. 
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1.  Introduction 

The  hollow-cathode  discharge  has  features  of  high  current 
density  and  low  maintaining  voltage' In  this  aspect, 
the  hollow-cathode  discharge  is  often  used  to  generate 
high  density  and  low  temperature  plasmas.  But,  when 
designing  the  geometry  of  the  hollow-cathode,  sufficient 
information  of  the  optimal  shape  of  the  cathode  is  not 
known.  It  is  first  pointed  out  that  when  the 
separation  between  two  parallel  plates  of  the  cathode  is 
sufficiently  reduced  the  two  negative  glows  coalesce  arid 
the  light  emission  as  well  as  the  cathode  current  density 
rise  greatly.  At  smaller  values  of  the  separation,  the 
current  densities  are  10-10^  times  of  the  normal  glow 
discharge  current  density. 

Aims  of  this  research  are  to  pursue  experimentally  the 
optimal  separation  of  the  plates  with  respect  to  the  gas 
pressure  and  to  discuss  effect  of  longitudinal  dimension  of 
the  plate  on  the  hollow-cathode  effect. 

2.  Experiments  and  results 

Experiments  have  been  carried  out  in  a  cylindrical 
glass(Pyrex  )  discharge  tube  of  outer  diameter  of  91mm 
and  length  of  338mm  .  Measurements  were  made  using 
two  assemblies  of  cathode  .  one  two  parallel  discs  40mm 
in  diameter  with  variable  separation  from  0  to  1 0mm  (type 
1)  and  the  other  two  parallel  plates  of  the  same  size(39  in 
width,  15mm  in  depth)  with  variable  depth  of  0-1 5mm 
(type  2).  We  have  employed  two  electrode  materials, 
C  and  Ni.  Measurements  have  been  taken  in  gases  of 
Ar,  Ne  ,  and  N2  of  99.999%  purity. 


Fig.  1  Electrode  assembly  of  type  1  electrode. 


The  discharge  tube  was  evacuated  using  turbo-molecular 
pump,  the  final  vacuum  obtained  was  2xlO'^Torr.  A 
schematic  drawing  of  the  cathode  (type  1)  is  shown  Fig.  1. 
The  separation  between  the  two  is  varied  from  0  to  10mm 
by  adjusting  the  attached  micrometer.  Working  pressure 
range  is  from  0.5  to  5Torr.  In  the  present  paper, 
results  obtained  by  the  combination  of  Ar  gas  and  C 
electrode  are  described. 

2.1  Experiments  on  the  optimal  separation 

One  of  mechanisms  of  the  current  multiplication  in  the 
hollow-cathode  region  is  that  the  contribution  is  from  the 
photo-electron  emission  from  the  cathodes'^^  .  Another 
existing  theory  suggests  that  electrons  are  trapped 
between  two  cathode  sheaths  and  thus  enhance  ionization 
in  the  space  by  so-called  pendulum  motion  of  electrons. 
Therefore,  varying  the  separation  of  the  two,  we  have 
measured  distribution  of  light  emission  across  the  two 
plates  using  CCD  camera(model;KP-Ml, Hitachi),  output 
from  which  is  displayed  on  a  personal  computer. 


Fig.  2  Measurements  of  the  optimal  separation(p  d) 
with  respect  to  the  pressure.  Between  two  lines  A-A’ 
and  B-B’  the  merged  negative  glow  and  enhanced 
hollow-cathode  effect  are  observed. 

We  have  observed  that  when  reducing  the  separation, 
two  separate  negative  glows  of  both  plates  are  merged 
into  one  negative  glow  and  at  the  same  time  light  emission 
is  also  enhanced.  We  have  plotted  the  merged 
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separation  d  multiplied  by  p  as  a  function  of  p  as  shown  in 
Fig.2.  The  separation  (pd)  of  the  merged  negative 
glow  is  marked  line  A-A,  below  which  the  merged 
negative  glow  is  observed.  Further  decrease  of 

the  separation  causes  the  negative  glow  to  be  pushed  out 
from  the  region  between  the  two  plates  and  at  the  same 
time  the  current  to  decrease  and  the  maintaining  voltage 
to  increase  which  could  be  seen  from  the  figure.  The 
line  B-B’  below  which  the  pushed-out  negative  glow  is 
drawn  in  the  figure.  Experimental  study  of  this  type  of 

discharge  has  been  reported''''’^’l  Therefore, 

between  two  lines,  one  can  obtain  merged  negative-glow 
and  the  enhanced  hollow  cathode  effect. 

Furthermore,  we  have  measured  the  discharge  current  at  a 
constant  maintaining  voltage  and  also  the  maintaining 
voltage  at  a  constant  discharge  current  with  variable  of 
the  separation.  One  of  typical  data  is  shown  in  Fig.3. 
The  hollow-cathode  effect  that  is  targe  increase  in  the 
current  and  large  decrease  in  the  maintaining  voltage  with 
reduced  separation  d  is  clearly  seen  from  the  figures. 


2  4  6  8  10 

d  [mm] 


Fig.3.  Measurements  of  the  current  multiplication 
(V=500V)  and  the  voltage  decrease  (I=200mA).  Taken  at 
p=3  Torr. 

2.2  Effect  of  the  longitudinal  dimension  of  the 
plate  on  the  hollow-cathode  effect. 

If  a  pair  of  two  narrow  and  long  plates  with  wide 
separation  d  is  used  as  a  cathode,  majority  of 
electrons  may  not  be  trapped  between  the  two  plates 
and  escape  from  the  spacing.  Therefore,  it  is  easily 
suspected  that  there  will  be  the  minimum  ratio  (D/d) 
of  the  depth  (D)  of  the  plate  to  the  separation  (d)  of 
the  two  plates  in  order  to  sustain  the  hollow-cathode 
effect.  Effect  of  the  lateral  and  longitudinal 
dimension  of  the  plate  must  be  similar  as  far  as  the 
hollow-cathode  effect  is  concerned.  We  have  used 
a  pair  of  square  plates  with  variable  depth  (0-1 5mm) 


with  a  fixed  lateral  dimension  of  38mm.  Keeping  the 
current  density  at  1.05x!0'^(tnA/mm^)  independent  of 
variable  depth,  we  have  taken  the  maintaining 
voltage  at  separations  of  2  and  5  mm  as  a  function 
of  the  depth,  from  which  sudden  decrease  of  the 
maintaining  voltage  was  noticed.  This  sudden 
decrease  coincides  with  transition  from  the  hollow- 
cathode  region  to  the  normal  glow  region,  which  is 
confirmed  by  the  visual  observation.  Results  are 
shown  in  Fig.4.  Below  this  line,  discharges  tend  to 
expand  outward  from  the  spacing. 

— ' — I — ^ — I — ' — I — ^ — I — ' — I — ' — I — ^ — 
1  - 


a  0.5 


0  I  . .  .  I  ,  I  ,  I  ,  I  .  1 

0  2  4  6 

d  [mm] 

Fig.4.  Effect  of  the  longitudinal  dimension  (D)  on  the 
hollow-cathode  effect. 

3. Conclusion 

We  have  studied  the  effect  of  the  constitutional 
dimension  of  the  cathode  on  the  hoUow-cathode 
effect .  It  has  been  shown  experimentally  that  there 
have  been  the  observed  optimal  separations  (pd)  in 
order  to  observe  the  enhanced  hollow-cathode  effect. 
The  second  experiments  on  effects  of  lateral  and 
longitudinal  dimension  on  the  effect  of  the  hollow- 
cathode  effect  has  shown  that  the  minimum  depth 
(D/d)  is  about  0.6. 
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1.  Introduction. 

Low  pressure  glow  discharges  in  oxygen,  nitrogen 
and  their  mixtures  are  used  in  numerous 
applications  such  as  surface  treatments  like 
nitridation,  oxidation,  atoms  sources.,.. Therefore, 
the  knowledge  of  volume  kinetics  and 
recombination  of  atoms  at  the  wall  is  of  great 
interest.  The  purpose  of  this  work  is  to  study  the 
oxygen  atoms  recombination  at  the  wall  of  a 
discharge  tube  for  different  surface  conditions. 

In  oxygen  low  pressure  glow  discharges,  atoms  are 
mainly  lost  at  the  wall.  The  recombination  strongly 
depends  on  the  surface  composition.  For  instance, 
atoms  recombination  is  known  to  be  more  efficient 
on  metal  than  on  glass.  The  recombination 
efficiency,  or  catalytic  property  of  the  mkerial,  is 
described  with  the  recombination  probability  y; 

1  for  metal  and  y«  10'^  for  silica  [1]  or  glass. 
Low  catalytic  materials  are  request  for  the  coating 
with  refractory  material  of  Space  Orbiter  in  order  to 
reduce  the  heating  due  to  atoms  recombination 
during  the  atmospheric  re-entry  trajectory.  For  a 
given  material,  the  recombination  depends  also  of 
the  surface  state  as  for  instance,  cleanliness, 
roughness,  temperature.  It  is  the  reason  why, 
published  values  of  recombination  probability  y  on 
«  Pyrex  »  glass  range  from  3.1x10'’  to  2x10’’.  A  lot 
of  measurements  are  done  in  flowing  afterglow.  The 
higher  values  of  y  are  obtained  in  time  afterglow  for 
which  the  glass  wall  has  been  submitted  to  the 
discharge  [2].  Moreover,  recombination  increases 
with  wall  temperature.  This  effect  is  important  in 
the  temperature  range  (300K-1000K)  commonly 
obtained  in  discharges  [1], 

Whereas  a  lot  of  studies  are  done  in  pure  gas, 
recombination  at  the  wall  in  gas  mixtures  are  less 
known.  The  mixture  composition  induce  variations 
on  the  dissociation.  For  instance,  in  .N2-O2  low 
pressure  DC  discharges,  the  concentration  of  atomic 
oxygen  strongly  increases  with  a  small  percentage 
of  N2  [3],  This  effect  is  attributed  to  the 


modification  of  dissociation  by  the  electrons 
collisions,  chemical  reactions  in  the  volume  and  at 
the  wall  [4],  The  aim  of  this  is  to  study  only  wall 
recombination.  In  order  to  free  from  electrons 
collisions  we  study  the  decay  of  the  O  concentration 
in  the  time  after^ow  of  a  pulsed  discharge.  In  this 
paper  are  presented  the  first  results  concerning  the 
influence  of  adsorbed  species  on  recombination  at 
the  wall. 


2.  Experiment. 

The  experimental  device  is  described  in  details  in 
[3],  The  pulsed  discharge  is  produced  in  a  50  cm 
length  and  15  mm  diameter  «  Pyrex  »  tube  closed 
with  MgF2  windows  for  the  following  experimental 
conditions:  pressure  P  =  1  Torr,  gas  flow  5  seem, 
pulse  duration  20  ps,  repetition  rate  0.4  Hz, 
discharge  current  60  mA  within  the  pulse.  The 
pulse  duration  and  the  discharge  current  have  been 
chosen  to  create  measurable  concentrations  of  atoms 
and  negligible  gas  heating.  For  this  very  low 
repetition  frequency  the  atomic  density  relaxes  to  a 
negligible  value  at  the  end  of  the  afterglow. 

Absolute  oxygen  atoms  density  is  measured  by 
absorption  of  the  atomic  oxygen  resonance  lines  at 
130  nm.  The  light  source  is  a  low  pressure 
discharge  (Damany  lamp)  working  in  a  Q2-N2-He 
(1-1-98)  mixture.  The  lines  profiles  have  been 
measured  using  the  very  high  resolution 
spectrometer  at  Meudon  Observatory  [3].  Oxygen 
atoms  concentrations  [O]  are  calculated  from  the 
transmitted  signal  in  the  time  afterglow  as  described 
in  [3]. 

The  detection  system  is  composed  of  a  VUV  50  cm 
focal  length  monochromator  with  a  solar  blind 
photomultiplier.  The  signal  is  amplified  and 
transmitted  to  a  multichannel  analyser  working  in 
photon  counting  mode. 

Before  working  in  the  pulsed  mode,  the  discharge 
tube  wall  is  treated,  during  a  long  time;  using  a 
80  mA  DC  discharge  in  pure  N2  or  in  pure  O2  with 
a  gas  flux  of  20  seem. 
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3.  Results  and  discussion. 

3.1  Pure  oxygen  afterglow. 

Figure  1  shows  [O]  concentration  versus  time 
during  the  afterglow  for  two  different  wall 
treatments.  In  the  first  case  (curve  a)  the  wall  was 
submitted  to  a  pure  N2  DC  discharge  during  4 
hours.  The  second  curve  (b)  is  the  same 
measurement  after  4  hours  of  treatment  in  pure  N2 
followed  by  treatment  in  a  pure  O2  DC  discharge 
during  1  hour. 

We  observe  that  the  loss  of  oxygen  atoms  is  slower 
for  the  case  a.  Then,  nitrogen  treatment  reduce 
oxygen  atoms  recombination.  In  order  to  verify  if 
this  effect  is  a  wall  or  a  volume  effect  due  desorbed 
nitrogen  atoms  or  molecules  we  study  now  time 
after  glows  in  N2-C)2  mixtures. 

3.2  Oxygen  nitrogen  mixture. 

We  measure  the  variation  of  [O]  versus  time  during 
the  afterglow  in  nitrogen  oxygen  mixtures  for 
oxygen  percentage  varying  from  2%  to  80%  .  As  in 
the  case  a  of  the  figure  1,  the  wall  is  submitted  to  a 
pure  N2  DC  discharge  during  4  hours.  The  results 
are  presented  in  figure  2.  We  observe,  in  the 
afterglow,  the  increase  of  [O]  with  O2  percentage. 
On  the  other  hand,  we  can  point  out  that  N2 
percentage  in  the  gas  mixture  have  no  measurable 
influence  on  characteristic  decay  time  of  [O].  This 
clearly  demonstrates  that  the  main  loss  process  for 
oxygen  atoms  is  recombination  at  the  wall.' 

Therefore  it  can  be  deduced  from  the  results 
presented  in  figure  1  that  O  recombination  at  the 
discharge  tube  wall  strongly  depends  on  the 
absorbed  species. 

Work  is  in  progress  to  precise  the  kinetics  at  the 
wall  in  collaboration  with  V.Guerra,  J.Loureiro, 
V.Zvonicek  and  A.Talsky  [5]. 
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Figure  1.  [O]  decay  in  a  pure  O2  afterglow 
case  a:  after  N2  treatment;  case  b:  after  O2  treatment 


Figure  2.  [O]  decay  in  a  N2  -  O2  mixture  after  glow 
for  several  O2  percentages. 
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1.  Introduction. 

Oxygen  nitrogen  mixture  discharges  are  used  in 
wide  range  of  applications  as  for  instance  atoms 
sources  for  surfaces  treatments.  A  study  has  been 
undertaken  in  our  laboratory  for  several  years  to 
establish  surface  and  volume  kinetics  in  low 
pressure  DC  discharges.  In  order  to  free  from 
electronic  processes  we  are  now  investigating  the 
time  afterglow  of  a  pulsed  discharge.  The  aim  of 
this  work  is  to  present  volume  kinetics  in  such  an 
afterglow.  The  surface  kinetics  is  studied  in  a 
coupled  paper  submitted  to  this  conference  [1]. 
Relaxation  of  N2  and  NO  excited  states  during  the 
afterglow  are  deduced  from  optical  spectroscopy 
time  resolved  measurements.  Oxygen  and  nitrogen 
atomic  concentrations  are  measured  by  VUV 
absorption  spectroscopy.  A  simple  model  for  heavy 
species  kinetics  supported  by  these  experimental 
results  is  presented. 

2.  Experiment 

The  pulsed  discharge  is  created  in  a  50  tm  length 
F*yrex  tube  closed  with  two  MgFj  windows.  The 
oxygen  percentage  5  varies  from  0%  to  20%  for  a 
total  pressure  P  =  1  Torr  of  the  N2-O2  mixture  and 
a  gas  flow  of  5  seem  maintained  to  remove 
impurities. 

The  pulsed  discharge  parameters  are  50  ps  pulse 
duration,  1  kHz  repetition  frequency  and  400  mA 
discharge  current  within  the  pulse.  These 
parameters  have  been  adjusted  to  create  measurable 
concentrations  of  active  species  and  a  negligible 
gas  heating. 

The  intensities  of  the  first  positive  and  second 
positive  systems  of  N2  and  NO(7)  bands  are 
measured  by  emission  spectroscopy  in  the  visible 
and  near  UV  using  a  60  cm  focal  length 
monochromator.  The  output  signals  are  amplified 
and  connected  to  a  multichannel  analyser  working 
in  photon  counting  mode. 

The  absolute  concentration  of  oxygen  and  nitrogen 
atoms  are  measured  by  VUV  absorption 
spectroscopy  at  130  nni  and  120  nm  respectively. 
The  lamp  is  a  low  pressure  discharge  (  Damany 
lamp  )  working  in  a  N2-02-He  (1-1-98)  mixture. 
The  source  line  profiles  have  previously  been 
measured  using  the  very  high  resolution 


spectrometer  at  Meudon  Observatory  [3].  The 
detection  system  is  composed  of  a  50  cm  focal 
length  VUV  monochromator  and  a  solar  blind 
photomultiplier. 

3.  Results  and  discussion. 

The  emissions  of  these  excited  states  N2(B),  N2(C) 
and  NO(A)  are  observed  in  the  time  afterglow  for 
duration  up  to  500  ps  whereas  their  radiative 
lifetimes  are  respectively  9.8  ps,  37  ns  and  187  ns. 
Consequently,  these  states  are  repopulated  during 
the  afterglow.  In  our  experimental  conditions,  the 
reexcitation  of  these  state  can  only  result  from 
energy  transfers  from  metastable  species. 

In  N2-Q2  mixture  discharges,  the  main  processes 
for  populating  excited  states  are  [2]; 

N2(A)  +  N2(A)  N2(B)  +  N2(X) 

N2(C)  +  N2(X) 

N2(A)  +  no  -4  N2(X)  +  NO(A) 

Figures  1  and  2  present  respectively  the  emissions 
from  N2(C,v=4)  and  NO(A)  as  a  function  of  time 
for  8  from  0%  to  20%.  The  fluorescences  in  the 
near  afterglow  can  be  described  by  exponential 
laws: 

where  vp  is  a  characteristic  fluorescence  frequency, 
vp  is  measured  for  N2(C),  N2(B)  and  NO(A).  We 
found  that  vp  increases  with  increases  oxygen 
percentage.  Furthermore  for  5  lower  than  5%, 
Vf(C)  ~  2.  VpO^O). 

This  result  is  in  agreement  with  the  proposed 
crude  kinetics  if  [N2(A)]  is  assumed  to  follow  a 
monoexponential  decay.  As  a  matter  of  fact,  N2(C) 
production  involves  two  N2(A)  molecules  whereas 
only  one  is  needed  for  NO  creation. 

In  the  same  experimental  conditions,  oxygen  and 
nitrogen  atoms  densities  are  measured  [3].  We 
observe  that  O  density  increases  with  oxygen 
amount.  On  the  other  hand,  [O]  remains  constant 
in  the  afterglow  during  the  decay  of  the  observed 
radiative  states.  Nitrogen  atoms  concentration  is 
strongly  dependent  on  5.  Figure  3  shows  the  time 
evolution  of  [N]  for  several  values  of  5.  We  observe 
that  [N]  decreases  with  increasing  5  and,  the 
higher  is  5,  the  faster  is  [N]  decay.  In  afterglows. 
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recombination  of  N  atoms  at  the  wall  is  very  slow 
(  recombination  probability  y  ~  10"^  [4]  )  therefore, 
the  kinetics  of  nitrogen  atoms  is  mainly  controlled 
by  volume  reactions. 

Work  is  in  progress  to  develop  a  kinetic  model 
including  volume  reactions  and  reactions  at  the 
wall  in  collaboration  with  V.Guerra,  J.Loureiro, 
V.Zvonicek  and  A.Talsky  [5], 
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Figure  1.  Emission  of  N2(C,v=4)  (wWiroo- u"i'n  during 
the  after-glow  for  different  oxygen  percentages 
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Figure  2.  Emission  of  NO  (y)  (aiwtrao’ umisj  during  the 
after-glow  for  different  oxygen  percentages 


Figure  3.  Nitrogen  atoms  density  in  the  after-glow 
for  different  oxygen  percentages 
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1.  Introduction 

Rate  equations  are  known  to  represent  excellent  tools 
for  a  simple  description  of  the  positive  column  of  low 
pressure  glow  discharges.  The  situation  may  be 
simplified  further  by  radially  averaged  rate 
coefiScients.  Compared  with  Monte  Carlo  simulations 

[1]  or  a  rigid  solution  of  the  Boltzmann  equation 

[2] ,  these  rate  equations  provide  an  extraordinaryly 
tractable  approach  for  the  description  of  typical 
properties  of  the  positive  column. 

It  was  shown  by  Rutscher  and  Pfau  (1967)  [3]  that 
the  stationary  current  voltage  characteristics  can  be 
described  with  an  empirical  set  of  rate  and  transport 
coefficients.  However,  a  proper  description  of  the 
impedance  behaviour  of  the  plasma  fails  with  this  set. 
Weltmann  et  al.  (1992)  [4]  gave  another  empirical 
set  of  coefficients  for  the  impedance  characteristics 
only. 

Thus,  there  are  two  differing  sets  of  coefficients  for 
the  stationary  and  the  impedance  characteristics, 
obviously  representing  an  insufficient  physical 
description.  The  present  paper  deals  with  approaches 
to  remove  these  discrepancies  for  a  neon  glow 
discharge. 


2.  Theoretical  approach 

We  started  with  a  critical  comparison  of  the  atomic 
data  available  in  the  current  literature.  The  most 
striking  feature  is  the  large  discrepancy  for  excitation 
cross  sections  of  metastable  levels  (see  Fig.  1)  [5] 
near  threshold  energies.  Owing  to  the  enormous 
importance  of  excited  species  for  the  formation  of 
the  plasma  the  choice  of  data  may  falsify  the  solution 
of  the  rate  equation  approach. 

If  the  electron  energy  distribution  function  is 
calculated  for  a  cylindrical,  stationary,  axial 
homogenous  plasma  by  a  2-term  approximation  of 
the  Boltzmann  equation,  it  can  be  shown  that  rate 
coefficients  must  be  considered  to  be  radially 
dependent.  A  comparison  of  radially  averaged  rate 
coefficients  of  the  radially  inhomogenous 
Boltzmann  equation  with  rate  coefficients  derived 
from  the  radially  homogenous  Boltzmann  equation 
yields  considerable  deviations  which  ntust  be  taken 
into  account. 


Figure  1:  Cross  section  for  collisional  excitation  of 
ground  state  neon  to  metastable  excited  states  by 
electron  impact. 

However,  experimentally  derived  cross  sections  are 
unknown  for  many  elementary  processes,  e.g.  pair 
collisons  of  excited  atoms  or  stepwise  excitation  cross 
sections  are  utiknown.  These  parameters  have  to  be 
adapted  by  a  critical  comparison  to  experimental 
results. 

3.  Experimental  results 

We  performed  measurements  for  both  the  stationary 
current  voltage  characteristics  and  the  impedance 
behaviour  (see  Fig.  2)  of  a  neon  glow  discharge. 


-1000  0  1000  2000  3000  4000 


ohmic  resistance  r  r^p^  [O/Torr] 

Figure  2;  Comparison  of  the  experimentally  and 
theoretically  derived  impedance  behaviour  of  a  neon 
glow  discharge  (T=lcm,  Pj=1.51  Torr,  I|j=lmA). 

Although  rate  coefficients  of  some  ^elementary 
processes  (see  above)  have  been  adapted,  the 
agreement  of  experimental  values  with  theoretically 
erived  impedance  behaviour  was  insufficient. 
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However,  if  we  take  into  account  the  radially 
dependence  of  rate  coefBcients,  a  consistent  set  of 
rate  and  transport  coefficients  properly  describing 
both  the  stationary  and  the  impedance  behaviour  can 
be  given  for  different  poro.  The  result  is  displayed  in 
Figure  2. 


4.  Conclusions 

We  have  improved  the  description  of  the  positive 
column  and  its  electrical  properties  by  rate  equations. 
It  was  shown  that  radial  dependencies  of  rate  and 
transport  coefficients  are  necessary  for  for  a 
consistent  description  of  the  stationary  and 
impedance  behaviour  even  if  additional  elementary 
processes  are  taken  into  account.  Our  experimental 
results  support  theoretical  considerations  concerning 
the  influence  of  radial  dependencies  of  the 
Boltzmann  equation. 

This  work  was  funded  by  the  Sonderforschungs- 
bereich  198  ‘Kinetik  partiell  ionisierter  Plasmen’, 
Projekt  A7  of  the  Deutsche  Forschungsgemeinschaft. 
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Electric  ^cscharge  m  cr<Kssed  dkictric  and  magnetic  fields. 

A.I.  Bugrova,  A.S.  Lipatov,  A.I.  Morozov,  V.K.  Kharchevnickov 

Moscow  State  Institute  of  Radio  Engineering,  Electronics  and  Automation  (MIREA),  Moscow,  Russia 


Characteristic  properties  of  toroidal  electric 
discharge  whi(di  is  created  and  confined  by  crossed 
E-H  fields  are  investigated.  Integral  and  local 
(diaracteiistics  of  the  disdiarge  are  obtained  and 
oscillations  are  studied.  The  system  is  based  on  two 
parallel  ring  coils  (Pig-l)  with  small  cross-section, 
rigidly  fixed,  having  currents  of  the  same  direction. 

gtube 


Distance  between  rings  is  equal  to  10  cm,  each 
diameter  is  30  cm.  The  coils  were  installed  in  the 
vacuum  chamber  with  diameter  ~  100  cm.  Electric 
current  in  the  coils  produced  magnetic  field  with 
separalrix  having  figure  of  eight  and  corre^onding 
''zero''circumferenoe  where  the  magnetic  field  strength 
is  zero.  Magnetic  fidd  is  sufficiently  less  outside  the 
coils;  its  maximum  is  ^0  Oe  when  electric  current 
in  the  coil  is  J„=  1 .5' 10^  A. 

Working  substance  (Xe)  is  bled  into  the  r^on 
between  the  coils  with  5  mm  diameter  tube.  Jiist 
opposite  the  bleeding  tube  the  pointwise 
thomoemission  cathode  was  placed  at  "zero"  line  of 
magnetic  field.  The  anode  surfaces  were  the  vacuum 
diamber  and  outer  surfaces  of  nu^;netic  coils  covered 
with  aluminium  foil.  The  discharge  voltage  =  70- 
400  V  was  iqpplied  between  Uie  anode  and  cathode; 
anode  being  at  earth  potential,  cathode  being  at 
negative  potoitial. 

l^ectric  disdiaige  appeared  as  glowing  ring  with 
amall  cross  section  (~2  cm  in  diam.)  placed  between 
the  lings  along  zero  line  of  magnetic  field.  We  may 
inteiprete  the  dynamics  of  plasma  diarged  particles  as 
below.  Since  tte  discharge  glows  at  small  magnetic 
fidd  (Ht,  ^0  Oe)  then  only  electrons  are  confined  by 
mimetic  fidd.  The  ions,  at  the  same  time,  me 
confined  by  dectric  fidd.  Fig.2  represents  the 
distribution  of  local  {dasma  phrameters  in  directibn 
ortogonal  the  median  plane  of  the  system  on  straight 
line  passing  through  zero  fidd  (z-axis).  The 
parameters  were  obtained  with  aid  of  electric  probe. 
When  =  20  Oe  the  maximal  concentration  of 
dectrons,  electron  tenperature  and  plasma  potential 
(«.)n»x  =  5-  ‘O'O  cm-3,  =  25  cV,  <»  =  80  V. 


i..  ^,10**an** 


^  ^  -to  0  fO  ao  M 

Fig.2 

The  great  attention  was  paid  to  studying  of 
oscillations  in  the  system.  Reason  is  ,  that,  for  our 
system  dimensions  value  of  electron  density  plasma 
volume  is  sufficiently  tran^arent  for  neutral  Xe 
atoms  going  from  the  tube  and  vacuum  chamber.  The 
dynamic  Xe  pressure  in  the  chamber  is  pg  =  10^  Torr 
and  continuous  partial  ionization  of  atoms 
penetrating  the  whole  plasma  volume  takes  place.  So, 
there  is  accumulation  of  appearing  ions.  The 
stationary  regime  may  occur  only  if  ion  lifetime  is 

1 

Oo(<JVe>i<^ 

where  ng  is  mean  atom  concentration  in  the  system. 
When  Pg  and  T^  are  as  mentioned  above,  Xp  ~  10  mks 
and  ion  energy  Cj  <  e  If  oscillations  are  absent 
the  ^stem  would  be  overfilled  with  ions  (ion 
concentration  would  increase  by  e-times  during  time 
Xp).  One  can  easily  diedL  that  ion  nm-off  to  the 
cathode  is  inaffective  in  our  case  due  to  small  ion 
vdocity.  So  it  is  natural  to  expect  the  existence  of 
powerful  "waste”  oscillations.  The  oscillations  of 
parameters  were  detected  by  probes  separated  by 
angles  100°,  180°.  The  oscillations  of  ion  and  electron 
currdits  at  the  operating  mode  rilxe  ~  ^ 

= 180  V,  H^=20  Oe  were  measured.  As  it  hiq>pend  the 
period  of  oscillations  tpj  ~  tp^  ~  15  mks  ,  an  ion 
current  modulation  is  at  the  levd  50  -  100  %.  At  the 
same  time  discharge  current  oscillations  are  relativdy 
smaB  (:^  10  %).  We  have  also  measured  ion  current 
osciBations  vazyihg  Hf,  from  16  Oe  to  25  Oe.  We 
obtained  when  H,,  increases  Xpj  decreases  from  15  mks 
to  10  inks.Thi8  ipj  didnge  cib  be  associated  with 
bettk*  eleciron  coiifinmknt  and  subsequentdy  more 
rapib  accifanulation  of  ion  hr  the  system  during 
ioni^tion.  The  data  represented  here  indicate 
syndnimoiisly  iOn  nm-off  due  to  osciBations 
withstands  to  ion  accumblatioil  and  osciflation  period 
is  in  reasonable  consent  with  characteristic 
accumulation  timb. 
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Introduction 

Breaking  of  an  electric  circuit  is  accompanied  by  the 
formation  of  an  electric  arc  between  the  circuit  breaker 
contacts.  A  reliable  function  of  the  circuit  breaker 
depends  on  several  factors,  the  most  important  of  which 
include:  mechanical  resistance  of  the  individual 
components,  circumstances  of  the  switching  arc 
extinction  and  the  associated  recovery  of  the  dielectric 
strength  of  the  medium  between  the  circuit  breaker 
contacts.  A  great  influence  on  the  switching  process 
exert  also  the  aerodynamic  relations  in  the  quenching 
chamber,  the  direct  measurement  of  which  is  hardly 
feasible  using  contemporary  techniques.  Therefore  the 
shape  of  the  arc  plasma  burning  between  the  circuit 
breaker  contacts  is  scanned  with  a  high-speed  camera. 
The  switching  arc  in  the  quenching  chamber  was 
simultaneously  photographed  from  two  fixed  rectangular 
directions  photographs  from  the  high-speed  camera 
represent  a  time  analysis  of  the  studied  process  which 
allows  through  their  digital  processing  the  determination 
of  the  time  changes  of  the  arc  plasma  shape.  The 
negative  film  from  the  high-speed  camera  holds  series  of 
frames  with  the  plasma  shapes  of  the  switching  arc  at  the 
moments  of  exposure  of  the  individual  pictures. 


Experimental  methods 

In  our  laboratory  we  use  an  equidensitometry  evaluation 
[1]  of  the  negative  which  brings  an  enhancement  of  the 
quality  of  the  evaluation  process  and  which  represents 
apparently  the  most  suitable  procedure  for  the 
evaluation  of  the  frames  from  the  high-speed  camera 
film.  The  method  of  equidensitometry  diagnostics  is 
based  on  digitising  of  the  frames  of  the  analysed  object. 
When  using  the  high-speed  camera,  a  sequence  of 
frames  on  the  negative  film  is  formed.  Each  frame 
represents  a  fixed  shape  of  the  arc  plasma  at  the 
exposure  time. 

The  term  „equidensitometry“  denotes  a  complex  of 
procedures  which  allow  the  obtaining  of  curves  with  the 
same  blackening  (grey  level)  of  the  photographic 
emulsion  on  the  evaluated  frame,  and  methods  of  their 
interpretation  which  make  possible  to  obtain  required 
properties  of  the  scanned  object  from  them.  In  the  case 
of  the  electric  arc  these  are  mainly  changes  of  its  shape 
in  time  and  the  rate  of  its  movement  in  the  monitored 
equipment. 


radiation.  The  curve  connecting  points  with  the  same 
blackening  is  called  equidensity.  From  the  form  of 
particular  equidensities  we  can  draw  conclusions  about 
properties  of  the  recorded  plasma. 

A  diagram  with  the  set  of  equidensities  is  made  using 
software  DIPS  r.5.0  (Digital  Image  Processing  System). 
Particular  equidensities  are  plotted  with  the  step 
depending  on  optional  isolines  transform  filter. 

In  Fig  1  we  show  the  equidensitometry  analysis  of  one 
frame  of  the  negative  film  from  high  speed  camera  with 
projection  of  the  SFe  switching  arc  into  two  mutually 
perpendicular  planes.  Parameters  of  experiment  in  this 
case  were  as  follows:  rupturing  current  of  2.8  kA, 
voltage  of  7.2  kV,  SFg  over-pressure  of  0.4  MPa  [2]. 


Fig.  1  Equidensitometry  analysis  of  the  arc  image. 


Two  contour  equidensities  which  define  the  arc 
boundary  are  plotted  in  Fig.2 


The  magnitude  of  blackening  of  the  photographic 
emulsion  corresponds  to  the  intensity  of  incidence 


Fig.2.  Pair  of  corresponding  equidensities  which 
determine  the  arc  contour  in  rectangular  planes. 
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A  pair  of  such  appropriate  contour  equidensities 
processed  by  CAD  package  [3]  allows  a  reconstruction 
of  the  switching  arc  in  a  space.  The  reconstruction  of  the 
arc  image  was  carried  out  by  the  method  of  several 
parallel  sections  through  a  pair  of  the  equidensities.  A 
section  cuts  selected  equidensities  in  four  points  which 
define  in  first  approximation  an  ellipse  in  the  cutting 
plane  [4]  (see  Fig.3). 


Fig.3.  Approximation  of  the  arc  section  by  an  ellipse. 

The  envelope  around  such  ellipses  obtained  in  several 
planes  of  space  represents  the  surface  of  the  3D  arc 
image  (Fig.4). 


Fig.4.  Several  parallel  sections  of  the  arc  image  with 
elliptic  contours. 

The  final  result  of  the  computer  arc  reconstruction  is 
presented  in  Fig.5. 


Conclusion 

Computer  techniques  offer  a  new  possibility  of 
analysing  and  processing  of  experimental  data  into  an 
accessible  and  inspiring  form.  3D  reconstruction  and 
visualisation  provides  information  about  the  switching 
arc  in  a  form  readily  understandable  for  students  and 
inspiring  for  research  and  development  workers.  It  is 
possible  to  monitor  changes  of  the  arc  shape  in  time  and 
space  via  computer  animation  of  sequence  of  the  3D  arc 
images. 

Such  approach  to  the  switching  arc  research  can 
significantly  contribute  to  the  computation  of  further 
physical  quantities  that  are  required  for  assembly  of  the 
theoretical  models  of  the  switching  process  in  the 
quenching  chamber  of  power  circuit  breakers. 


Fig.  5:  Spatial  reconstruction  of  the  arc  image  in  the 

quenching  chamber  of  the  circuit  breaker  model. 
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1.  Introduction 

Electron-ion  recombination  is  one  of  the  main 
reactions  (together  with  dissociative  electron 
attachment)  which  are  responsible  for  decay  of  free 
electrons  in  plasma  and  consequently  protect  the 
dielectric  breakdown  in  extinguishing  SFe  arc. 
Different  methods  have  been  proposed  in  the  past 
for  calculating  the  atomic  electron-ion 
recombination  coefficient  of  plasma  (e.g.  [l]-[3]  ). 
The  aim  of  this  paper  is  to  give  a  simple  method 
for  calculation  of  ionization  and  recombination 
coefficient  which  in  addition  takes  into  account 
radiative  processes  and  atom-atom  collisions. 

2.  Modifled  difTusion  approximation 

The  modified  diffusion  approximation  [4]  is  based 
on  the  assumption  that  due  to  collision  processes  the 
bound  electron  diffuses  in  the  discret  atomic  energy 
spectmm.  The  Fokker-Planck  equation  in  finite 
differences  is  derived 


(1) 


where  the  net  flow  is  given  by  (for  optically  thin 
plasma) 

Jk  ~  ^k^k,k+\  ~^k+]^k+\,k  '^^k^k,k+l 
~  ^k+l^k+l,k  ~  ^k+l‘^k+] 


where 


and 

_  A+l  _ ^Ar+l _ 

AE,  AE,iE,-E,,,) 

are  effective  probabilities  of  single-quantum 
electron-induced  transitions,  ‘diffusion’  coefficients 
Ah,Bk  are  expressed  by  means  of  amount  of  energy 


transfer;  is  concentration  of  atoms  in  the  state  k, 
Ek  denotes  the  energy  of  the  level  k  ,  are 

transition  probabilities  by  atom-atom  collisions,  A''k 
includes  the  sum  of  radiative  transitionn 
probabilities. 

The  solution  of  equation  (1)  in  quasi-stationaiy 
conditions 


dt 


0  =>  7^  =  konst  =  j 
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and  the  radiative  factor  Ttii  is  given  by 


n^k 


“n+l.n 


'n+l,n 


W 

z 


k,k+\ 


ni  ,  nf  ,  (ri^/  denote  the  equilibrium 

concentrations  of  atoms  in  the  ground  state,  free 
electrons,  and  ions,  respectively. 

Comparing  Eq.  (2)  with 


j  =  n^n^p-njijEa 


in  which  a  and  P  denote  recombination  and 
ionization  coefficients  respectively,  and  including 
direct  recombination  ionization  to  the  ground  level 
it  is  obtained 
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«  =  “Ki  +  +  [nenlin^fRuV 


(3) 


where  Aei  .w^/  ,w;e  are  probabilities  of  both  direct 
radiative  and  collisional  recombinations,  and 
collisional  ionization  respectively. 

3.  Results  and  discussion 


From  the  relations  (3)  the  recombination  and 
ionization  coefficients  of  electron-induced 
collisions,  collisional-radiative  processe  and  atom- 
atom  collisions  were  determined  for  atoms  S  and  F 
in  the  temperature  range  2500  -  10000  Kfor  two 
different  pressures  p  =  0. 1  MPa  and  p  =  1.0  MPa  . 
The  concentrations  of  electrons,  atoms  and  ions  are 
determined  for  given  temperature  by  calculation  of 
equilibrium  composition  of  the  system  of  products 
of  SFe  -  decomposition  [5] 


{F,  S,  SF,  S2,  F2,  e-,  F,  S',  SF,  SF" , 


Fig.  1  and  2  give  the  temperature  (and  consequently 
also  particle  concentrations)  variations  of 
recombination  and  ionization  coefficients  for  S  .  a 
is  higher  (  P  lower)  for  collisional-radiative 
processes  and  for  atom-atom  collisions  than  for 
electron-induced  collisions  because  the  plasma  is 
assumed  to  be  optically  thin.  With  increasing 
temperature  the  difference  decreases,  this  being  due 
to  decreasing  of  influence  of  radiative  processes  and 
increasing  of  electron  concentration  in  the  system. 
For  low  temperature  where  «a»He  the  influence  of 
atom-atom  collisions  is  notable. 


Fig.  1.  Recombination  coefficient  of  S  at  a  pressure 
p=0. 1  MPa 


Fig.2.  Ionization  coefficient  of  S  at  a  pressure 
p=1.0  MPa 

In  Table  1  the  values  of  recombination  coefficient  of 
atoms  S  and  F  are  given.  In  this  computation  the 
collisional-radiative  processes  at  a  pressure 
p=0.1MPa  were  taken  into  account.  With  increasing 
temperature  a  decreases  more  rapidly  for  F  than  for 
Shut  for  higher  temperature  this  decreasing  is 
slower. 


Table  1.  Collisional-radiative  coefficient  for  S  and  F 
at  a  pressure  p=0. 1  MPa 


T[K] 

a  for  S 

aforF 

fm®morV’l 

fm®mor^s'l 

3000 

3.449  X  10’^ 

1.630  X  10'^ 

6000 

4.141  X  10'® 

6.058  X  10® 

10000 

7.809  X  10* 

9.237  X  10* 
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1.  Introduction 

In  the  contribution  is  described  the  measurement  method 
of  the  temperature  field  of  the  electric  arc  plasma.  The 
temperature  field  was  determined  by  the  interference 
method.  The  temperature  field  distribution  in  the  vicinity 
of  the  plasma  of  the  electric  switching  arc  is  one  of  the 
most  important  parameters  which  influence  the 
construction  of  electric  switchgear.  Prior  to  this  the 
temperature  field  was  measured  by  probe  methods.  The 
latter  are  not  capable  of  measuring  continuously  the 
examined  space.  Therefore  it  is  highly  advantageous  to 
employ  interference  method  which  allow  the  obtainment 
of  temperature  values  in  all  points  of  the  space  which  is 
being  examined. 

2.  Experimental 

The  subject  of  the  measurements  was  an  electric  arc  fed 
with  a  DC  current  with  the  values  20,  40  and  60  A.  The 
arrangement  or  the  electrodes  was  vertical  whereby  the 
bottom  electrode  was  the  cathode  and  the  top  one  the 
anode.  The  electrodes  were  of  a  cylindrical  shape  with  a 
diameter  of  6  mm.  The  materiel  of  the  electrodes  was 
carbon. 


The  measurements  were  carried  out  with  an 
autocollimation  interferometer  which  is  illustrated  in 
Fig.l. 


1-  He-Ne  laser, 

2-  pulse  laser, 

3-  power  supply  of  the  pulse  laser 

4-  high-speed  camera, 

5-  bundle  spliter  (prism), 

6-  lens, 

7-  arc  discharge, 

8,9-semi-transparent  mirrors, 

10-  aperture. 

The  light  source  was  a  pulse-type  ruby  laser 
(A,=694.8nm)  with  an  output  energy  of  1  to  5  Joule/pulse. 
There  was  also  used  an  optical  monochromatic  filter  for 
the  wavelength  K=  694  nm.  The  laser  operated  in  a  fi-ee 
generation  mode.  In  our  case  was  employed  a  diaphragm 
for  setting  the  laser  energy  onto  a  value  of  1  Joule/pulse. 
The  pulse  length  was  250  psec  which  corresponds  to  a 
laser  performance  of  approx.  4  kW. 

For  adjusting  the  interferometer- was  used  a  He-Ne  laser 
(X=632,8  nm)  which  operated  in  a  continuous  mode  with 
a  performance  of  approx.  3m  W. 

For  scanning  the  interference  patterns  was  employed  a 
high-speed  camera  with  a  rotating  mirror.  The  high¬ 
speed  camera  was  synchronized  with  the  start  of  the  laser 
pulse  in  such  a  way  that  at  the  moment  when  the  mirror 
is  in  such  a  position  that  the  laser  beam  can  impinge  onto 
the  location  of  the  first  photo,  the  camera  hands  over  a 
signal  into  the  circuitry  for  controlling  the  high-speed 
camera.  The  circuits  generate  s  HV  pulse  with  a 
magnitude  of  12  kV,  a  breakdown  of  the  spark  gap 
occurs  and  the  current  which  has  passed  through  the 
discharge  on  the  spark  gap  induces  in  the  coil  a  voltage 
pulse.  This  pulse  triggers  a  sawtooth  generator  with  a 
voltage  of  3  V.  The  generated  sawtooth  pulse  triggers  the 
power  supply  of  the  laser  and  this  applies  onto  the  pulse- 
type  laser  a  voltage  which  is  necessary  for  the  formation 
of  a  light  pulse. 

The  high-speed  camera  utilized  a  rotating  mirror  with  a 
speed  of  30  000  r.p.m.  At  the  moment  of  a  laser  pulse 
generation  began  the  recording  of  a  set  of  interference 
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patterns.  Between  two  consecutive  interference  patterns 
is  a  time  delay  of  5  psec  whereby  the  exposure  of  every 
picture  is  1  psec.  The  high-speed  camera  operates  with 
two  display  planes.  The  first  one  is  the  plane  of  the  lens 
Lj.  This  plane  is  focused  onto  the  electric  arc  (end  the 
electrodes,  respectively)  and  displays  it  onto  the 
photographic  emulsion.  In  the  second  plane  operates  the 
lens  L2  which  displays  the  diaphragm  onto  a  set  of  small 
lenses  L3.  Only  the  upper  diaphragm  was  utilized,  so  that 
the  interference  fields  were  displayed  only  on  the 
unscreened  locations  (in  this  case  the  time  interval 
between  the  individual  pictures  is  10  psec).  The  exposure 
of  every  interference  pattern  was  for  both  cases  1  psec. 
The  recording  material  was  a  negative  film  with  a 
sensitivity  of  ISO-450. 

The  result  of  the  experiment  are  photos  of  interference 
patterns  which  correspond  to  changes  caused  by  the 
temperature  field  of  the  electric  arc  plasma. 

Through  the  evaluation  [1]  of  the  interferograms  was 
obtained  the  temperature  field  distribution  of  the  plasma 
of  the  electric  arc  fed  by  a  DC  current.  The  result  of  the 
evaluation  are  radial  temperature  waveform  in  the  plasma 
illustrated  in  Fig.  2. 


measurements  carried  out  by  spectroscopic  methods  and 
it  can  thus  be  assumed  that  the  error  of  measurement  is 
10%. 
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Fig.  2:  Temperature  waveform  in  the  surroundings  of  an 
arc  discharge  in  relation  to  the  distance  in  a  radial 
direction  from  the  arc  axis  for  current  20  A. 

3.  Conclusion 

The  method  employed  in  the  paper  allows  a  relatively 
accurate  measurement  of  the  temperature  field  in  the 
plasma  of  an  electric  discharge  and  in  its  immediate 
surroundings.  This  is  the  firt  step  towards  the 
measurement  of  temperature  fields  in  quenching 
chambers  of  switchgear.  It  will  allow  the  determination  of 
thermal  stressing  of  the  quenching  chainber  wall.  We 
consider  the  procedure  adequate  for  practical 
applications.  The  results  are  comparable  with 
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1.  INTRODUCTION 

The  hot  anode  vacuum  arc  (HAVA)  is  of  interest 
because  of  its  potential  application  in  the  deposition  of 
high  quality  thin  films  (without  the  liquid  droplets),  in 
the  high  temperature  synthesis  of  materials,  and  for 
application  as  a  metallic  plasma  source[l]. 

In  our  previous  experiments[2,3]  the  HAVA  was 
studied  using  a  planar  Cu  cathode  and  a  thermally 
isolated  solid  graphite  cylindrical  anode  with  radius 
R=16  mm,  length  L=30mm  and  interelectrode  gap 
h=10mm.  A  new  mode  of  HAVA  operation  was 
established.  A  copper  plasma  was  re-evaporated  from 
the  hot  anode  when  its  temperature  was  above  1900K, 
and  no  carbon  vapor  or  carbon  plasma  were  detected 
even  when  anode  temperature  reached  2300  K[2,3]. 
The  transition  of  the  arc  from  the  multi-cathode-spot 
mode  to  the  HAVA  is  characterized  by  the  formation  of 
a  radiating  plasma  plume  near  the  anode  that  expands 
towards  the  cathode.  The  measured  electron 
temperature  is  about  1  eV. 

The  objective  of  this  paper  is  to  formulate  a  plasma 
model  for  this  new  mode  of  HAVA  operation  (with  a 
refractory  anode)  which,  given  the  arc  current  and  the 
electrode  geometry  and  materials,  can  predict  quantities 
which  have  been  observed  experimentally[2,3]. 


2.  THE  PLASMA  MODEL 

During  the  initial  discharge  period,  when  the  anode  is 
not  yet  hot,  the  cathodic  plasma  flux  condenses  on  the 
anode.  The  coefficient  of  atom  condensation  (k^,)  is 
close  to  1,  and  a  thin  film  of  cathode  material  is 
deposited  on  tlie  anode  surface.  When  anode  surface  is 
heated  to  a  sufficiently  high  temperature,  the  film  will 
be  re-evaporated  and  k(,<l,  and  depend  on  the  anode 
surface  temperature. 

The  thickness  of  the  film  assuming  that  all  of  the 
material  eroded  from  the  cathode  is  deposited  uniformly 
on  the  anode  surface,  is  G  1  t/(Ay),  where  G  is  the 
cathode  erosion  rate,  I  is  arc  current,  t  is  the  duration,  A 
is  anode  surface  area  and  y.is  mass  density.  In  a  case  of 
a  copper  cathode,  G=I00  |j,g/C,.y=9  g/cm’^  and,  if  A 
~10  cm^  and  1=300  A,  the  film  thickness  can  reach 
~30  pm  in  10  s.  During  the  discharge,  the  anode 
surface  temperature  increases  and  the  deposited  copper 
film  is  re-evaporated  with  an  evaporation  rate  W(T)[4]. 
The  value  of  k^,  (T)  can  be  obtained  from  the  heavy 
particle  balance  at  the  anode  surface  as: 


(1) 


Using  Eq.  (1)  for  a  Cu  cathode  shows  that  k(,  (T)=l 


0.02  for  anode  temperatures  T=1000-1800K.  The  heavy 
particle  density  in  the  interelectrode  plasma  can  be 
obtained  from  the  particle  balance,  taking  into  account 
particle  flows  from  the  interelectrode  plasma  towards 
the  cathode  and  in  the  radial  direction.  The  particle 
balance  is  given  by; 

IG[l-kc(T)]/m  =  rik  +  rir  (2) 

where  Tj^  and  are  the  particle  flux  per  unit  time  in 
radial  direction  and  towards  cathode  respectively.  In 
Eq.2,  the  particle  currents  are  obtained  assuming  that 
the  plasma  is  fully  ionized.  This  assumption  is  based  on 
the  relatively  high  electron  temperature  in  the  cathode 
plasma  jet.  In  a  first  approximation  the  problem  can  be 
considered  as  one-dimensional  with  a  uniform  plasma 
density,  and  the  plasma  flux  towards  cathode  can  be 
disregarded.  The  particle  losses  in  the  radial  directions 
can  be  written  as: 

Fir  =27t  R  h  n  Vr  (3) 

In  the  considered  conditions,  from  Eq.  3  and  Eq.  2  it 
follows  that  plasma  density  n  in  the  gap  with  length 
h=0.01  m  for  the  hot  anode  (kg=0)  depends  on  the 


radial  plasma  velocity  Vr  as  n  ~  10^^^.  In  the 

extreme  case  Vr  is  about  thermal  velocity  Vjh 
~10^m/s,  the  density  is  minimal  and  nmin~(2-3)  1020 
m‘^  for  1=175-340 A.  In  general,  kj.  is  not  zero,  and  the 
plasma  density  changes  during  the  discharge. 
Therefore,  the  mean  free  path,  determined  by  the 
elastic,  ionization  and  excitation  collisions  between  the 
plasma  beam  ions  and  electrons  with  interelectrode 
(background)  plasma  ions  and  electrons,  are  time 
dependent.  Therefore  the  intensity  of  cathode  plasma 
beam  interaction  with  the  background  anode  plasma 
also  is  time  depended. 

It  should  be  noted  that  even  for  the  njjjjjj  the  random 
electron  current  to  the  anode  is  approximately  4T0^A, 
i.e.  much  larger  than  the  arc  current  (200  A),  and,  thus 
the  anode  will  have  a  negative  potential  Uj,  with  respect 
to  the  adjacent  plasma. 


3.  THERMAL  MODEL 

The  anode  temperature  distribution  can  be  determined 
by  the  following  non-stationary  and  nonlinear  heat 
conductivity  equations: 


p(T)c(T)^=^[X(T)^]+Pe(T)j2-|8eg(x)asBT4  (4) 
The  boundary  and  initial  conditions  are: 

X(T)^(at  x=0)=qin(T)-qro(T)-qev(T)  (5) 
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.dT 


(6) 


T(t=0,x)  =  To  (7) 

where  qroCT)  =  Sg  c^SB  ~  ^g  PC^)’ 

c(T),  X(T),  Pe(T),  Sg  are  anode  material  mass  density, 
heat  capacity,  thermal  and  electrical  conductivity,  and 
surface  emissivity,  respectively;  qin(T)>  Qro("^)»  qrLC^^)’ 
qgy(T)  are  the  temperature  dependent  incoming  heat 
flux,  the  flux  radiated  by  upper  surface,  flux  radiated  by 
the  lower  surface,  and  the  evaporation  heat  flux, 
respectively.  The  radiation  from  the  side  surface  of  the 
anode  is  taken  into  account  in  the  last  term  of  Eq.4, 
where  the  parameter  eeg(x)  is  the  effective  emissivity, 
which  takes  into  account  the  fraction  of  the  radiation 
flux  which  escapes  from  the  sides  of  anode  via  the  gap 
between  the  anode  and  the  radiation  shields  [2], 

In  order  to  solve  the  Eq.4  the  expression  for  qjjj  (T)  is 
needed.  In  our  previous  work[2]  the  qjj^  was  taken  as 
empirical.  Here  the  expression  for  the  incoming  heat 
flux  qjjj  is  based  on  the  above  mentioned  plasma  model 
in  following.  In  general,  the  anode  can  be  heated  by 
electrons  q^j,  and  ions,  qji,  from  the  cathode  plasma 
beam,  and  by  the  electron  flux  q^p  from  background 
plasma.  The  total  heat  flux  to  the  anode  is 
flin  ~  fleb  flib  flep 
qep  ~  ^ep  (^"^ep  ^ 

qeb  =  I(l+f)(2Tek  +  9)Exp(-h/  Egf)  (10) 

where  cp  is  the  electrode  work  function,  Lgf  is  the 
effective  mean  free  path  and  Tgp  is  plasma  electron  flux 
towards  anode.  The  expressions  for  these  fluxes  are: 
qib  =  I  f  Exp(-hfl.if)  [  Sfi^(Ui2  +Tib )  + 

+  i:E\bi-Ifiz‘Pz]  (11) 

lep  =erep=Ird  Exp  ( );  =  T^^  Ln(  ^ )  (12) 

Ip=l-Ieb(0,t)-Iib(0,t)^^  ^  (13) 

where  e  is  electron  charge,  Ij-^,  is  random  electron 
current  from  the  plasma  to  the  anode  surface,  fj^  is 
multicharge  ion  current  fraction,  z=l,2,3  is  ionicily, 
Uj2  is  potential  of  ionization  The  ion  beam  energy  flux 


includes  the  ion  potential  energy  and  ion  kinetic  energy 
with  jet  velocity  V  (E]jjjj=mV^/2). 

The  plasma  electron  energy  balance  is  : 


I(l+f)2Tgj(^(l-exp(-(h-x)/Lgf)  +  (I-Ig(x))Up  rgp(2Tgp 

+  Ua)  +  rer2Tep  +  rir(2Tip  +  Uii)  (14^ 

where  Up  is  plasma  potential  drop  and. 

The  heavy  particles  density  in  background  plasma  is: 

„.T,.  =  Mkkc(Ta)l  (15) 

1  27tRmhVj. 

4.  RESULTS 


The  ion  temperature  was  assumed  to  be  equal  to  the 
anode  surface  temperature  T(0)  and  the  plasma  radial 
velocity  equal  to  thermal  velocity  of  the  heavy  particles. 
The  solution  of  Eq.4  for  1=340  A  and  experimental  data 
are  presented  in  the  figure,  showing  the  time 
dependence  of  the  temperature  on  the  upper  anode 
surface  T(0),  in  the  anode  body  5  mm  from  the  surface 
T(5)  and  on  the  lower  surface  T(L).  The  curves  agree 
well  with  the  corresponding  experimental  data  7’exp(^)’ 
'^exp(^)»  7'exp(E)[2]-  The  plasma  electron  temperature 
Tga  (in  the  fig.  is  shown  Tga'lOOO)  decreases  with  time 
from  the  initial  value  to  the  steady  state  value  within 
30s,  and  approximately  agree  with  the  experimental 
value[3]. 
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1.  Introduction 

During  the  arc  extinction  in  H.V.  circuit 
breakers  there  is  a  strong  blowing  leading  to 
phenomena  of  turbulence.  These  mechanisms  are 
responsible  for  the  energy  transfer  necessary  to  the 
recovery  of  the  dielectric  rigidity.  So  a  modelling  based 
only  on  thermal  phenomena  catmot  explain  the 
behaviour  of  the  plasma  where  it  exists  chemical  non¬ 
equilibrium  resulting  from  turbulence  or  strong  cooling 
(-10*  K.s'*).  All  the  models  based  on  the  hypothesis  of 
the  local  thermodynamic  equilibrium  (LTE)  lead  to  a 
post-arc  current,  contrary  to  the  experimental  results 
where  the  post-arc  current  is  often  non-existent  after 
the  zero  of  the  alternative  current.  To  interpret  this 
difference,  we  have  to  consider  that  molecular  species 
may  be  present  in  the  hot  regions.  So  the  plasma 
column  should  be  cut  by  a  portion  of  gas  with  a  small 
electrical  conductivity  unlucky  to  the  circulation  of  the 
electric  current. 

The  general  aim  of  this  work  is  to  simulate  the 
decaying  arc  behaviour  taking  non  equilibrium  effects 
into  account.  So  we  have  built  a  mathematical  model 
coupling  a  hydrodynamic  and  kinetic  study  for  an  SFe 
gas  in  a  two  dimensions  flow  in  a  transient  state.  The 
coupling  between  hydrodynamics  kinetics  is  made 
through  the  pressure  and  the  mass  density. 

2.  Mathematical  model 

The  model  treats  a  two  dimensional  SF^  arc  in 
transient  state.  It  is  based  on  the  following  main 
assumptions:  the  plasma  has  a  cylindrical  symmetry; 
we  consider  that  the  transport  coefficients:  electrical 
conductivity  a,  thermal  conductivity  k,  specific  heat  Cp, 
viscosity  p  [2],  net  emission  coefficient  sn  [3]  are  only 
functions  of  temperature.  For  the  net  emission  we 
assume  an  isothermal  and  homogeneous  cylindrical 
plasma  of  radius  Rp  (Rp  =  2  mm).  Difilision  of 
particles  is  neglected.  The  calculation  domain  and 
boundary  conditions  are  given  in  figure  1  and  table  1. 
The  dimensions  of  the  calculation  domain  are 
respectively  2  cm  and  0.5  cm  on  the  axial  and  radial 
directions  for  a  grid  of 40  x  40  points.  On  the  electrode 
(line  EF)  we  made  a  preliminary  study,  resolving  in  a 
one  dimension  the  equations  (1)  and  (2)  m  order  to  give 
the  boundary  condition  for  the  resolution  of  the  2D 


stationary  model  and  to  give  the  temperature  and  radial 
velocity  components  for  the  transient  state.  The 
conservation  equation  that  we  use  in  stationary  and 
transient  state  are  the  following. 


on  the  electrode  fline  EF) 

^4A(ppv)  =  o 
at  rar'  ^  ’ 

_  ai  „  ai  1  a  f  ^  ax')  „2  , 

pCp —  +  pvCp  —  = - rK +aE  -45r6>i 

/at  ^  ^ar  rarl,  arj  ^ 

sp-ecies  ^  + v.(ni  v)  =  Ca, -niDa^ 

momentum  p.^+ v  (pvv)  =  -vp  +  v  (pvv) 


(1) 

(2) 

(3) 

(4) 


energy 

p— +  v(pVh)  =  V-f^Vhl+GE^-4itEN  +  V-VP 


(5) 

(6) 


\riiere  V  is  the  vector  velocity  (u  an  v  are  the 
axial  and  the  radial  components  of  the  velocity),  P  is 
the  pressure,  h  the  specific  enthalpy,  Hi  represents  the 
particle  density  of  species  ‘i’,  Cai  the  number  of 
particles  created,  n;  Daj  the  numlter  of  particles  ‘i’ 
destroyed  by  unit  of  time  and  volume.  The  terms  Caj 
and  Dai  are  functions  of  chemical  reaction  rates, 
calculated  by  Borge  [4].  The  resolution  of  these 
equations  is  based  on  the  algorithms  of  Patankar  [5]. 


3.  Calculation 


In  stationary  state  the  calculation  is  made  for 
current  intensity  I  equal  to  50  A  and  mass  flow  rate  Do 
equal  to  0.2  g.s’'.  Die  electric  field  E  is  constant  and 
uniform.  The  gas  entry  is  situated  on  the  line  DE  where 
the  axial  velocity  profile  u(r)  of  the  inlet  flow  is 
parabolic.  In  order  to  limit  the  axis  temperature  in 
stationary  state  (the  reaction  rates  were  computed  for  T 
<  12000  K)  and  to  have  a  rather  strong  blowing  during 
the  extinction,  we  have  imposed  an  increase  of  the  inlet 
flow  in  transient  state  given  by:  D  =  Do  (1+29  t/2.10'^) 
g.s'\  The  initial  SFo  plasma  composition  is  calculated 
by  a  kinetic  model  given  in  [6]. 

After  the  current  zero  the  electric  field  E  =  0. 
We  have  considered  19  species:  (e',  S,  S',  S%  S2,  32"^,  F, 
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F,  F,  F2,  F2^  SF,  SF,  SF,  SF4,  SFj,  SFfi,  SF2,  SF3). 
More  than  66  chemical  reactions  between  these  species 
have  been  taken  into  account  and  have  been  described 
in  [4].  The  direct  reaction  rates  and  the  reverse  rates 
are  given  in  [6].  The  initial  profiles  of  temperature, 
velocities  and  the  19  species  densities  are  given  by  the 
stationary  model.  The  models  (hydrodynamic  and 
chemical)  are  coupled  vydth  the  mass  density  (7)  and  the 
pressure  (6).  The  time  step,  At  is  chosen  using  a 

chemical  criterion:  At  =  [(Da)j^^]”\  where  (Da)M„ 

represents  the  maximum  destruction  rate  of  any 
species. 

4.  Results 

The  results  are  presented  for  a  time  equal  to  20 
|is.  The  temperature  field  is  plotted  in  figure  2.  We  can 
note  a  pinching  on  the  entrance  resulting  of  the  strong 
convection.  The  maximal  velocity  on  the  entrance  is 
1622  m.s'\  In  figure  3  we  have  plotted  the  relative 
electron  density  field  (the  relative  density  is  defined  as 
the  ratio  of  the  calculated  density  on  the  equilibrium 
value  ntTE(T.P))-  Our  results  show  mainly  an  under¬ 
population  of  electron  density  in  the  edges  of  the  arc 
that  means  in  the  temperature  range  5000  K  <  T  < 
7000  K.  In  figure  4  we  have  plotted  the  relative  density 
of  82"*^.  We  can  note  an  overpopulation  of  82'^  density  in 
the  edges  of  the  arc.  The  under-population  of  electron 
density  is  explained  by  the  electron  recombination  on 
the  molecules  82^  this  effect  is  strengthened  by  the 
convection  of  the  cold  gas. 

These  results  on  the  influence  of  the 
convection  are  in  good  agreement  with  the  expected 
behaviour.  In  effect  an  higher  convection  or 
phenomena  of  turbulence  can  lead  to  an  under¬ 
population  of  electron  density  in  a  critical  temperature 
range  for  the  post-arc  phase. 
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Introduction 

Several  studies  have  shown  that  departures  from 
local  thermodynamic  equilibrium  (LTE)  exist  in 
stationary  arc  plasma  at  atmospheric  pressure  in  the 
vicinity  of  the  anode  of  an  argon  transferred  arc.  El 
Hamidi  [1]  has  studied  these  departures  by  comparing 
the  experimental  values  of  particle  densities  and  the 
computed  values  deduced  from  the  equilibrium  plasma 
composition.  He  showed  that  the  experimental  values 
could  be  different  from  the  theoretical  values  obtained  et 
LTE.  In  this  paper  we  present  a  spectroscopic  study  in 
decaying  argon  and  argon-copper  arc  plasmas  at 
atmospheric  pressure.  We  present  the  results  measured 
first  in  stationary  state  (these  results  are  necessary  in  the 
analysis  of  the  phenomena),  and  then  in  transient  state 
during  the  extinction. 

Arc  chamber 

The  arc  chamber  was  described  in  [2].  The 
transferred  arc  was  struck  in  argon  at  atmospheric 
pressure,  between  a  thoriated  tungsten  cathode  and  a 
copper  plate  anode.  The  distance  between  the  electrodes 
was  adjustable  from  0  to  10cm.  In  the  arpa  near  the 
anode  it  was  possible  to  obtain  either  pure  argon  plasma 
or  a  mixture  of  argon  and  copper  vapour  arising  from 
the  erosion  of  the  anode  by  altering  the  degree  of 
cooling  of  the  anode.  Electrical  power  was  supplied  by 
three  DC  sources  of  lOOV  and  1(X)A  each.  Our  working 
conditions  were  18mm  arc.  length,  25-40  and  90A 
current  intensities  and  argon  flow  rate  of  81/mn. 

Experimental  set  up 

The  light  emitted  by  the  plasma  was  collected 
by  a  mobile  optical  unit  and  focused  onto  the  entrance 
slit  of  a  Im  focal  length  monochromator.  At  the  outlet 
focal  plane,  an  array  of  1024  photodiodes  or  a 
photomultiplier  were  placed  and  allowed  to  analyse  the 
radiation.  Arc  cut-off  was  produced  by  means  of  fast 
thyristor  connected  to  the  electrodes  which  short-circuits 
the  discharge  with  a  turn  of  time  close  to  1  or  2p.s.  The 
thyristor  trigger  was  activated  automatically  using  a 
procedure  that  minimises  the  effects  of  signal 
instability.  The  signals  were  recorded  with  a  100  MHz 
oscilloscope.  The  interruption  set  up  was  schematically 
represented  in  figure  1. 


Stationary  state  study 

We  have  firstly  studied  the  plasma  in  the 
stationary  state.  Temperature  profiles  were  measured  by 
emission  spectroscopic  methods.  In  pure  argon, 
equilibrium  temperature  was  obtained  by  measuring  the 
absolute  intensity  of  the  696. 5nm  Arl  line  under  LTE 
conditions.  In  the  argon-copper  mixtures,  excitation 
temperature  was  deduced  using  the  ratio  between  the 
relative  intensities  of  510.5  and  515.3nm  Cul  lines. 

The  intensity  calibration  was  performed  with  a  tungsten 
ribbon  lamp.  The  local  values  were  obtained  using  Abel 
inversion  of  the  recorded  signals. 

In  the  table  1  we  presented  the  temperature,  the 
electron  density  deduced  from  the  equilibrium 
composition  and  the  total  copper  concentration  values 
obtained  in  pure  argon  and  in  argon-copper  mixtures,  on 
the  axis  of  the  discharge,  for  three  current  intensities  and 
at  z=lmm  above  the  anode. 


pure  argon 

argon-copper 

1(A) 

T(K) 

Ng  (m-3) 

T(K) 

'Ie(m'3) 

XCu 

90 

11500 

4.1022 

9000 

7.1021 

3.10-3 

40 

9800 

1.1022 

8800- 

6.1021 

1.10-3 

25 

9300 

8.1021 

Transient  state 

The  presence  of  LTE  implies  that  the 
temperature  of  the  species  is  equal  (Te=Tg),  and  the 
internal  state  distribution  of  the  particles  obeys  the  Saha 
and  Boltzmann  laws.  However,  in  a  stationary  arc 
plasma,  the  electron  temperature  Tg  may  be  higher  than 
the  gas  temperature  Tg  because  the  electric  field  heats 
first  the  electrons,  and  then  the  electrons  transfer  their 
energy  to  the  heavy  particles  through  elastic  collisions.. 
When  Te>Tg  in  stationary  state,  immediately  after  arc 
interruption,  Tg  decreases  rapidly  and  reaches  Tg  value, 
then  the  thermal  equilibrium  is  established.  The 
behaviour  of  a  total  line  intensity  during  the  first 
microseconds  after  the  power  interruption  gives  an  idea 
about  the  equilibrium  departure. 
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Stationary  state  Extinction. 


Argon  case  :  The  variations  (before  and 
immediately  after  the  arc  interruption)  of  the  total 
intensity  of  the  696. 5nm  Arl  line  measured  along  the 
arc  diameter  at  z=lmm  above  the  anode,  for  two  values 
of  current  intensity  (90  and  25A)  are  represented  in 
figure  2. 
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Figure  2  :  Transient  evolution  of  the  696.5nm  Arl  line 
intensity  :  a)  I=90A:  b)  I=25A 

We  can  notice  that  the  total  line  intensity 
variations  during  the  arc  decay  are  not  analogous  for 
90A  and  25A  current  intensities.  At  low  current,  a  jump 
of  the  intensity  is  observed  immediately  after  the  arc 
interruption  and  indicates  the  existence  of  a  departure 
from  LTE.  This  phenomenon  can  be  interpreted  as 
following  :  the  upper  level  of  the  696.5nm  transition  is 
strongly  correlated  with  the  free  electron  and  its 
population  follows  the  Saha's  law.  The  sudden 
interruption  of  the  electric  field  induces  a  rapid 
thermalisation  of  the  electron  temperature;  Tg  decreases 
down  to  the  gas  temperature  Tg  in  less  than  Ips  [3]. 
The  electron  density  ng  decreases  with  a  typical  time 
scale  of  lOOfis  [4].  Therefore,  during  this  thermalisation 
phase,  ne  remains  roughly  constant  and  the  atom  density 
nj  on  the  level  j  increases.  This  results  in  a  jump  of  the 
intensity  of  the  line  emitted  by  the  level  j.  The  intensity 
of  the  jump  increases  with  the  difference  Tg  -  Tg. 


Copper  case  :  When  copper  vapours  arising  from 
the  anode  erosion  were  present  in  the  plasma,  we  have 
measured  the  total  intensity  of  the  515.3nm  Cul  line 
during  the  arc  extinction  at  z=lnnm  and  for  90  and  40 A 
current  intensities.  The  transient  evolution  of  this 
intensity  as  reported  in  figure  3,  shows  a  slow  decrease 
(t=300p,s)  at  high  current  and  a  very  rapid  decrease 
during  a  first  step  at  low  current. 
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Figure  3  :  Transient  evolution  of  515.3nm  of  Cul  line 
intensity  at  90A  and  40A 

This  downward  jump  may  be  explained  by  the 
fact  that  the  excited  levels  are  situated  at  low  energy; 
they  are  more  correlated  to  the  ground  state  than  to  the 
electrons  and  their  populations  are  given  by  the 
Boltzmann  law.  Thus  the  decrease  of  Tg  to  Tg  without 
the  evolution  of  the  density  of  total  atom  no  leads  to  a 
sudden  decrease  in  the  number  den.sity  of  the  observed 
excited  atoms  level. 

Conclusion 

This  study  is  the  first  of  its  kind  where 
departures  from  Saha  and  Boltzmann  equilibrium  with 
the  same  transferred  arc  device  were  observed 
simultaneously.  Similar  observations  were  remarked 
with  an  TCP  torch  [5]. 
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Previous  studies  in  our  laboratory  [1],[2]  have  been 
focused  on  the  characterisation  of  a  supersonic  low 
pressure  nitrogen  plasma  jet.  These  works  were  intended 
to  validate  some  chemical  rates  and  transport  coefficients 
involved  in  the  numerical  simulation  of  the  space 
shuttle  re-entry.  The  interest  here  is  in  studying  the 
stability  of  our  plasma  source  by  considering  it  as  a 
non-linear  dynamical  system.  This  work  intends  to 
emphasize  the  temporal  coupling  between  the  electrical 
parameters  of  our  double  arc  (voltages  and  currents)  and 
the  optical  emission  intensity  inside  the  arc  chamber  and 
at  the  exit  of  the  plasma  source. 

The  involved  methods  are  either  classical  (Fourier 
analysis  and  temporal  correlations)  or  specifically 
relevant  to  nonlinear  systems  dynamics. 

The  experiments  have  been  performed  in  a  low  density 
plasma  wind  tunnel  (chamber  pressure  100  Pa,  nitrogen 
mass  flow  0.22  g.s'^).  A  primary  arc  (38V,  280  A)  is 
ignited  between  the  tip  of  a  cone-shaped  tungsten 
cathode  and  the  throat  (5mm  in  diameter)  of  a  nozzle¬ 
shaped  copper  anode.  A  secondary  arc  (40V,  lOOA)  is 
then  ignited  between  the  cathode  and  an  annular  anode 
(25  mm  in  diameter)  set  in  the  extension  of  die  primary 
anode  divergence.  Tungsten  and  copper  have  been 
successively  used  as  secondary  anode  materials.  This 
plasma  source  is  supplied  by  a  set  of  triphase 
asynchronous  motors  linked  to  dc  generators.  The 
hydrodynamic  stability  and  the  emissivity  of  the  plasma 
are  greatly  enhanced  by  this  increase  of  the  applied 
power. 

Holes  bored  through  the  primary  anode  give  the  static 
pressure  in  the  arc  chamber.  The  'reservoir'  pressure  is 
30  kPa  and  the  nozzle  is  not  pressure-adapted.  In  the 
vacuum  chamber  the  plasma  spread  is  14  cm  in  diameter 
and  150  cm  in  length. 

A  schematic  draw  of  the  experiment  is  shown  in  figure 
1.  Operating  tensions  between  cathode  and  primary 
anode  Ul(t)  between  cathode  and  secondary  anode  U2(t) 
and  the  intensity  of  the  410.9  nm  line  of  the  atomic 
ninogen  are  simultaneously  recorded. 

The  primary  current  intensity  II (t)  is  directly  drawn 
from  a  shunt.  At  the  secondary  anode  four  copper 
intakes  have  been  symetrically  arranged  for  draining  the 
current.  The  secondary  current  intensities  are  measured 
by  using  Halt  effect  clamps. 

Optical  observation  of  the  primary  arc  has  been  achieved 
by  symetrically  arranging  four  optical  fibers  (N.A=0.4) 
in  the  arc  chamber.  They  are  connected  to  UVP  photo- 


Optical  fibers 


Fig.l:  schematic  draw  of  tlie  experiment 

multipliers.  Cardinal  points  (N,  W,  S,  and  E)  mark  the 
location  of  tlie  current  intakes  and  of  the  optical  fibers. 

First  experiment: 

The  secondary  anode  is  a  tungsten  ring.  As  a  first  step 
in  dynamical  analysis,  Fourier  spectra  are  computed 
from  the  three  different  time  series  Ui(t),  U2(t)  and 
Il(t).  A  low  frequency  peak  is  found  to  be  located  at  100 
Hz  which  comes  from  the  current  generators. 
Conversely,  two  principal  frequencies  are  exhibited  (fig 
2)  on  tension  time  series  at  10250  Hz  and  6560  Hz 
while  no  high  frequency  may  be  distinguished  from  time 
series  Ii(t). 


Fig.2:  Fourier  spectra  of  secondary  tension  time  serie 


As  expected  time  correlations  between  tensions  are 
strong.  Both  tensions  approximately  evolve  with  the 
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same  phase.  No  modulations  of  the  correlation 
coefficients  are  found  at  high  frequency  meaning  that 
there  is  no  stable  phase  relationship  between  HF 
evolution  of  Ui(t)  and  U2(t).  A  dynamical  analysis  in  a 
reconstructed  phase  space  has  been  achieved  by  using 
delay  coordinates.  The  phase  portraits  exhibit  very 
jittery  trajectories  in  all  cases  and  especially  for  Ii(t). 
Nevertheless  a  much  regular  LF  evolution  can  be 
exuacted  from  the  time  series  by  using  a  low-pass  filter. 
The  three  LF  portraits  tlien  present  very  similar  shapes 
according  to  the  LF  correlations.  These  similarities 
confirm  that  the  LF  fluctuations  are  transferred  from  tlie 
electrodes  to  the  plasma  jet.  Conversely  the  phase 
portrait  associated  with  high  frequency  seems  to  induce  a 
very  high  dimensional  dynamics  i.e  corresponding  to  a 
more  stochastic  behaviour  since  no  structure  can  be 
exliibited. 

Second  experiment: 

The  tungsten  secondary  ring  anode  is  replaced  by  a 
copper  anode.  Tlie  cooling  circuit  is  much  more  efficient 
tliat  in  the  previous  case.  The  Fourier  analysis  of  the 
tension  and  current  signals  exhibits  strong  peaks  located 
at  the  multiples  of  50  Hz  the  weigth  of  which  depends 
on  tlie  observed  variable.  For  instance  see  the  phase 
porU'ait  of  the  secondary  voltage  shown  in  figure  3. 

serSb  t=5.0  ms 
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0.0  — - “ — : 
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Fig.3:  phase  portrait  of  secondary  tension  time  serie 


Unlike  the  previous  case  no  HF  peak  has  been  observed. 
We  ascribe  this  fact  to  the  improvement  of  the 
secondary  anode  cooling  circuit. 

Typical  time  series  of  the  optical  fibers  are  displayed  in 
figure  4:  they  exhibit  the  rotation  of  the  primary  arc  by 
glidding  of  the  arc  root  on  the  anode  nozzle  throat.  The 
behaviour  of  the  arc  root  in  direction  and  rate  seems 
stochastic. 


In  conclusion,  LF  and  HF  fluctuations  have  been 
observed  in  electrode  tensions  of  a  low  pressure  double 
transferred  nitrogen  arc.  Some  physical  inteipretations 
relying  on  the  discussion  of  arc  root  displacement  can 
explain  these  observations.  In  the  present  case  phase 
portraits  allow  to  conclude  that  die  number  of  degrees  of 
freedom  is  reduced  under  anode  erosion.  Fortlicoming 
works  could  allow  to  precise  future  applications  of  tools 
arising  from  nonlinear  dynamical  systems  theory. 
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Fig.4;  optical  fibers  signals 
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1.  Introduction 

We  have  developed  a  "magnetic,  camera"  which  allows 
one  to  visualize  the  evolution  of  an  electric  break-arc 
assimilated  to  a  series  of  segments  [1].  This  means  of 
analysis  is  non-intrusive  because  the  magnetic  probes 
that  are  used  to  detect  the  movement  of  the  arc  are 
placed  outside  the  breaking-chamber.  Furthermore,  it 
has  the  advantage,  over  optical  means,  of  giving  a 
picture  of  the  electronic  beam  of  the  arc  and  not  the 
phenomena  linked  to  it,  among  which,  light. 

This  device  has  already  enabled  us  to  contribute  to  the 
survey  of  the  behaviour  of  the  arc  in  a  particular 
configuration  [2]. 

The  object  of  the  study  presented  here  is  to  define  more 
accurately  how  it  moves  in  a  breaking-system  whose 
structure  is  close  to  that  of  the  low-voltage  automatic 
circuit-breakers  used  in  industry  (figure  1). 


In  order  to  produce  the  arc,  the  oscillating  discharge  of 
a  battery  of  capacitors  (60  mF  max.)  is  triggered  off 
into  an  inductance  before  tilting  the  mobile  contact. 
Once  the  circuit  tuned,  a  half-wave  of  current,  assumed 
to  have  a  peak  of  7300  A,  is  obtained. 

2.  The  magnetic  camera 

Some  fifty  microcoils  (made  of  60  turns  contained 
within  a  1  mm^  volume)  are  positioned  along  the  Y- 
axis  so  as  to  survey  the  air  gap  between  the  electrodes, 
the  Y-axis  being  perpendicular  to  the  plane  in  which 
the  arc  evolves  (figure  2).  The  microcoils  placed 
11  mm  away  firom  this  plane  form  a  matrix  of  5  lines 
for  every  8  or  10  columns.  Along  Z  the  step  is  4  mm, 
while  it  is  4.5  mm  along  X. 


Associated  with  amplifying  and  integrating  circuits 
they  enable  us  to  measure,  at  any  point,  the  component, 
along  the  Y-axis,  of  the  magnetic  induction  By(t) 
generated  by  the  whole  electric  circuit. 

If  the  magnetic  influence  of  the  current  leads  and 
electrodes  is  neglected,  By(t)  changes  signs  ,  when  the 
arc  moves  past  one  of  the  probes.  The  signals  from  the 
probes  are  recorded  during  the  break-phase  with  a 
sampling  period  of  8  ps.  A  processing  programme 
allows  for  the  determination  of  those  instants  when  the 
induction  becomes  zero. 


3.  Computation  of  the  average  line  of  current 

In  order  to  take  into  account  the  other  components  of 
the  electric  circuit,  an  algorithm  has  been  developed  to 
compute  the  average  line  of  current.  With  this  aim  in 
mini  the  arc  will  be  supposed  to  evolve  at  a  constant 
speed  between  two  consecutive  probes. 

The  procedure  is  carried  out  in  the  followng  way  : 

For  a  given  time,  the  position  where  By  becomes  zero 
along  the  Z-axis  is  computed  for  each  line  of  probes. 
Let  (xsi,  zsj)  be  the  coorinates  of  such  a  point  on  line 
n^i.  Consequently  the  problem  consists  in  determining 
a  polygonal  line  that,  together  with  the  other  parts  of 
the  electric  circuit,  might  produce  a  magnetic  induction 
By  =  0  at  the  points  imder  consideration. 
Mathematically,  this  amounts  to  solving  system  (1) 
where  Zi,  Z2...  are  the  coordinates  of  the  polygonal  line 
wanted  (figure  2). 
fBy(xsi,zsiiZ,,Z2,...)  =  0 

]By(xs2,zs2,Zi,Z2,...)  =  0  (1) 


Since  such  a  ^stem  is  not  linear,  one  is  compelled  to 
use  iterative  calculation  :  one  begins  with  the  shape 
assumed  by  the  link  between  the  points  where  By  =  0, 
say  Zi  =  zsi,  Za  =  ZS2  etc....  It  is  then  moved  until  it 
satisfies  each  equation  of  the  system  (to  the  nearest 
0.4  mT,  given  the  digitilization  of  the  signal). 
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4.  Results 

Several  tests  have  been  carried  out  for  several  values  of 
the  assumed  current,  with  or  without  copper  or  stainless 
steel  blades.  The  test  presented  hereunder  has  been 
made  with  the  following  characteristics  :  charging 
voltage  of  the  capacitor  300  V,  assumed  current 
2900  A,  stainless  steel  blades.  Fig.  3  shows  the 
evolution  of  the  arc  current  and  voltage.  The 
commutation  signal  is  the  voltage  between  the  ends  of 
the  cathode.  This  voltage  which,  among  other  things,  is 
function  of  the  length  of  the  electrode  through  which 
the  arc  current  flows,  increases  when  the  arc  commutes 


0  2  4  fi  8  10 

time  (ms) 

Figure  3.  Arc  voltage,  current  and  commutation  signal. 


For  each  probe  of  the  matrix,  the  moment  when  the 
signal  becomes  zero  is  noted.  These  times  are  listed  in 
hereunder  (time  in  ms). 
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The  figures  in  the  first  column  result  from  the 
movement  of  the  mobile  contact  rather  than  that  of  the 
arc. 

Up  to  ti=4.19ms,  the  cathodic  root  is  supposed 
attached  to  the  mobile  contact.  Beyond  ti,  the  resolution 
of  system  (1)  compels  us  to  consider  that  the  root  is 
attached  to  the  lower  electrode,  i.e.  the  cathode.  In 
order  to  define  the  evolution  of  the  arc,  the  shapes  are 
drawn  with  a  constant  100  ps  step  (figure  4). 

It  is  to  be  noted  that  the  anodic  root  starts  migrating 
towards  the  back  of  the  chamber  as  soon  as  the  contact 
opens.  The  curvature  of  the  arc,  at  that  moment,  is 
highly  pronounced.  Once  the  current  transfer  is  over, 
the  elevation  of  the  cathodic  root  equalizes  that  of  the 
anodic  root.  The  arc,  then,  straightens  out. 


5.  Commutation  of  the  arc 

In  the  table,  one  notices  an  area  where  the 
chronological  order  of  the  "zeros"  is  inverted  in  relation 
to  the  direction  in  which  the  arc  spreads  (lines  4  and  5 
especially).  This  inversion  is  characteristic  of  a  transfer 
of  current  from  one  arc  to  another,  as  will  be  shown. 

In  order  to  achieve  this,  lines  of  iso-induction,  such  as 
By  =  0  in  the  probe  plane  during  commutation,  have 
been  simulated.  For  this  calculation  the  circuit  has  been 
simplified  (figures).  Two  branches  exchange  their 
current  in  a  linear  way.  Ii  decreases  from  2000  A  to  0 
during  a  640  ps  At  whereas  h  increases.  At  is  the 
period  of  time  separating  ti  from  the  time 
corresponding  to  a  rapid  increase  of  the  commutation 
signal. 


Figure  5.  Simulation  of  the  current  transfer. 


On  the  same  figure,  the  lines  By  =  0  have  been  drawn 
for  different  values  of  time.  Instant  0  is  taken  as  the 
origin  of  the  commutation  phase. 

At  the  beginning,  the  line  By  =  0  is  almost  horizontal, 
which  explains  the  simultaneousness  of  the  "zeros"  on 
line  4.  The  first  probes  on  this  line  might  thus  be  used 
to  detect  commutation  when  it  starts.  The  curvature  of 
the  line  By  =  0  with  respect  to  its  transfer  does  account 
for  the  chronological  inversion  of  the  "zeros"  on  line  5. 

6.  Conclusion 

The  use  of  the  magnetic  camera  led  us  to  draw  the 
shapes  of  an  electric  arc  evolving  in  the  breaking- 
device,  provided  it  is  modelled  into  an  average  line  of 
current.  The  analysis  of  the  commutation  phase 
presented  here  will  allow  us  to  determine  the  moment  it 
starts  as  well  as  how  long  it  lasts. 
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1.  Plasma  generator 

Plasma  source  is  a  watercooled  plasma 
generator  with  the  point  W  -  cathode  and  stabilizing 
spacer  -  anods,  which  forms  the  expansive  channel 
with  minimal  diameter  of  6  mm  and  diverge  angle  of 
12°.  The  working  gas  (Ar,  N2)  comes  in  cathode 
assembly  with  flow  rate  of  1, 5-4-2, 5  g/s.  The  duty  arc 
with  current  of  40  A  maintains  the  break-down  of 
between  electrode  spacing,  and  the  base  arc  has 
variable  current  up  to  500  A.  System  includes  the 
computer,  which  measures  necessary  parameters, 
controls  and  regulates  the  power  supply. 

2.  Spectroscopy  systems 

In  experiments  we  used  two  systems  of 
spectra's  detection  ,  which  were  under  the  control  of  a 
single  PC.  First  system  is  based  on  the 
monochromator  consists  monochromator  MDR-41, 
block  of  control,  ensuring  the  scarming  with  the  given 
speed  and  the  control  of  the  current  wavelength, 
photoelectric  multiplier  FEU- 100,  plate  ACP  L-1250, 
inserted  into  the  computer,  and  the  software.  Working 
wavelength  band  is  limited  by  the  sensitivity  of  the 
photo-cathode  of  the  FEU-100  and  is  200-830  nm.  To 
this  range  correspond  the  diffractional  grates  3000 
(200-4-500  nm)  and  1500  (400-4-1000  nm)  slits  per 
millimetre,  with  dispersion  1  and  2  nm/mm! 

The  second  system  consists  of  the  diffraction 
spectrograph  DFS-452  and  of  multichannel  optic 
spectra's  analyser.  System  includes  two  photometer 
heads  with  photo-diode  PZS  rulers  Toshiba 
TDS1250A  and  the  interface  plate,  inserted  to  one  of 
the  computer  ports.  Photometer  heads  are  fixed  on  the 
plate  that  is  located  at  the  cassette’s  place.  Each 
photo-diode  rule  contains  3648  light-sensitive 
elements  8  pm  long  and  200  pm  height.  Spectral 
region  of  the  sensitivity  is  180-1000  nm.  Time  of 
signal’s  accumulation  is  given  by  the  period  of  the 
interrogation  of  the  rulers  and  can  be  changed  in  the 
range  80-20(X)0  ms.  Since  12-digit  analog-to-digital 
converter  is  included  as  a  component  in  each  of  the 
photometer  heads  then  only  the  digital  signals  are 
transmitted  to  the  computer.  It  ensures  a  relatively 
high  noise  immunity  of  the  system. 

Chart  of  the  optic  measurements  is  represented 
in  Fig.l.  Image  of  the  arc  was  projected  to  the  inlet 
slits  of  the  monochromator  1  and  of  the  spectrograph 
2  with  the  help  of  the  quartz  condensers  3  with  the 
focal  lengths  112  and  240  mm. 

At  the  inlet  slit  of  the  monochromator  there 
was  mounted  the  Gartman  slit  1  mm  height,  that  was 


cutting  the  near  axis  part  of  plasma  image.  The 
spectrograph  had  the  high  slit.  The  central  part  of 
plasma  image  was  projected  to  the  photo-diode  ruler, 
located  along  the  spectra’s  scan.  The  ruler,  located  in 
the  perpendicular  direction,  detected  the  distribution 
of  radiation  intensity  in  the  lateral  direction  of  the 
filament. 


For  the  standard  of  the  wavelengths  there  was 
used  the  radiation  of  lamps  of  the  high  frequency 
exciter  of  the  spectra  PPBL-3M  with  the  vapour  of 
Hg,  Ag,  and  other  metals.  Small  size  tungsten  tape 
lamp  TRSH-2880  was  used  as  the  standard  of  the 
brightness.  Its  brightness  temperature  at  the  pyrometer 
wavelength  was  2850  K. 

3.  Argon  plasma  radiation  spectra 

Typical  spectrum  of  Ar  plasma  radiation  from 
the  near  cathode  region,  obtained  by  DFS-452  with 
PZS  ruler  in  the  ultraviolet  part  of  spectrum  is 
represented  in  Fig. 2 


Fig.2 

Spectral  resolution  of  both  automatic 
systems  was  about  0.15  A°,  what  gave  possibility  to 
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detect  the  outlines  of  spectral  lines  of  Arl  and  Aril, 
typical  half-width  of  which  is  about  1A°.  In  Fig. 3. 
there  is  represented  the  dependence  of  the  spectral 
intensity  of  radiation  in  the  near  cathode  region  of  the 
discharge  at  the  current  of  the  arc  400  A.  It  was 
obtained  by  the  summary  of  the  results  of 
measurement  of  plasma  radiation  with  the  use  of  the 
spectrograms  detected  by  both  automatic  systems  of 
information  collection. 


W/fA-m^-str) 
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Fig.3 


4.  Results 

Set  of  data  represented  in  part  3  included  the 
data  on  the  absolute  intensity  of  a  great  number  of  the 
ion  Aril  lines,  on  a  number  of  atomic  Arl  lines,  on 
the  width  (and  outlines)  of  the  isolated  Aril  lines,  and 
on  the  absolute  intensity  of  the  continuous  radiation  in 
the  range  of  wavelength  250-800  nm.  It  gives 
possibility  to  evaluate  the  electronic  concentration 
and  electronic  temperature  . 

For  determination  of  by  use  of  the  ratio  of 
the  atomic  and  ion  lines  there  were  chosen  the  isolated 
spectral  lines  of  the  sufficient  (on  the  continuum 
ground)  intensity  and  of  known  atomic  constants  that 
well  correlate  between  each  other  at  the  analysis  in  co¬ 
ordinates  Ni./g|(  =  f  (Efc).  The  use  of  different  pairs  of 
lines  leads  to  the  electronic  temperature  at  the 
discharge  axis  in  the  near  electrode  region  (z=4  mm); 

Te(r=0,  z=4)  =  1. 2+0.2  eV. 

Approximately  the  same  value  of  the 
electronic  temperature  at  the  arc  axis  can  be  obtained 
from  the  analysis  in  the  coordinates  Tj(I/d)  of  the 
experimental  results  [1]  of  the  stabilised  arcs  in  argon. 

By  the  use  of  measured  in  the  work  values  of 
the  intensity  of  the  continuum  at  the  frequency 
v= 23000  cm  ’  (A.k430  nm),  for  which  in  [2]  there  is 
represented  the  dependence  Sv  (T),  and  of  obtained 
estimate  value  Te=  15000  K,  we  can  obtain  the  value 
ne  =  (l.l±0.2)-10'’cm'^ 

Stark  component  of  the  half  width  of  a  number  of 
lines  was  obtained  by  the  subtraction  of  the  device 
width:  5st  =  61/2'’'’’-  60'*'^'' 


For  the  ion  lines  the  Stark  width  is  0.5  A°,  what 
corresponds  to 

n,  (5,„  T=15000  K)  ~1.4-10'’  cm\ 

Hence,  conducted  on  the  basis  of  measured  data 
estimates  of  ne  and  are  as  follows: 

Te  =  1.2+0. 2  eV;  n,  =  (1.2+0.3)-10'’ cm'l 

Spectrum  of  Ar  plasma  radiation,  represented  in 
Fig.3,  illustrates  the  relationship  in  the  radiant 
energy  between  the  transferred  in  the  continuous 
spectrum  and  in  spectral  lines,  mainly  in  Aril.  The 
estimate  integration  of  the  radiant  energy  in  the  range 
of  the  wavelength  250-4-800  nm  shows  that  by  the 
optical  thin  radiation  is  transferred  from  the  plasma  in 
the  radial  direction: 

800 

divQff  =  2n  ^  1  ^dX  =  \  00Q  W  I  cur' . 

250 

Specific  energy  put  in  the  near  cathode  region  is  : 
j-E  a:  800  A/cm^-30  V/cm  «24000  W/cm^,  so  the 
radiation  losses  (in  the  given  range  of  frequency)  are 
about  4  % . 

According  to  [3]  the  experimental  value  of  the 
electric  conductivity  a=J/E  a  27  mo/cm  corresponds 
to  the  plasma  temperature  T  a  13000  K.  In  the  near 
cathode  region  -  the  region  of  the  main  energy  input, 
and  the  ionization  degree  is  sufficiently  high.  In  this 
case  the  losses  caused  by  the  coulombic  interactions 
with  ions  Qi  are  the  main  component  of  the  elastic 
losses  Qe,  =  Qa  +  Qi  ,  Qi/Qa“  n,-qei/(n,-q,Ar)  >  >  1 
[3].  Neglecting  the  inelastic  losses  Qin  (what  increases 
the  role  of  Qi)  we  can  obtain  the  upper  estimation  of 
the  separation  of  electronic  temperature  T^  from  the 
gas  one  T,; 


(3/77  /  (rjv.) 

Inserting  into  this  equation  the  experimental  values 
jE  and  ne  =  Oj ,  we  can  obtain  that 
(  Te  -  Ta)„ax  “  7000  K. 

Such  significant  separation  between  the  electronic 
and  the  gas  temperatures  at  the  initial  region  of  energy 
input  (z=4  mm)at  the  presence  of  the  stabilizing  high 
velocity  flow  is  possible  (see  for  example  [1])  and  is 
worthy  of  the  experimental  investigation. 
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INTRODUCTION 

Carbon  dioxide  is  one  of  the  most  abundant 
chemical  found  in  nature.  The  CO2  molecule  is  used 
in  several  plasma  processes  [1].  CO2  is  of  special 
interest  in  thennal  treatment  of  waste.  CO2  and  rare 
gas  mixture  have  been  studied  because  of  the  great 
interest  of  tliis  mixture  in  order  to  imderstand 
chemical  mechanisms  of  reactions  [2],  and  to  use 
them  for  the  production  of  carbon  monoxyde  [3].  We 
present  in  this  paper  results  on  the  effects  of  CO2 
molecule  upon  an  argon  thermal  plasma.  The  radial 
temperature  distributions  are  performed  by  optical 
emission  spectroscopy  on  atomic  line  of  argon  and 
carbon  after  Abel  inversion. 


EXPERIMENT 

The  experimental  device  is  shown  in 
figure  1.  The  wall  stabilized  arc  is  produced  in  a 
modified  Maecker  chamber  which  is  made  of  copper 
hollow  cupels  cooled  with  water.  Bakelite  cupels 
isolate  electrically  the  copper  cupels  one  from 
another;  tangential  injection  to  the  arc  column  of  the 
studied  gas  (Ar-C02  nuxtme)  is  made.  The  copper 
anode  and  the  tungsten  cathode  are  protected  with 
argon.  Mass  flow  controllers  regulate  the  gas  flow 
and  adjust  the  ratio  of  different  gases  in  the  mixture. 
Discharge  current  is  adjusted  with  a  DC  generator 
from  12  A  to  50  A.  The  liglit  emitted  is  observed 
perpendicularly  to  the  arc  coliunn.  In  order  to  obtain 
a  good  spatial  resolution  we  used  a  25  cm  focal  lens. 
The  wavelength  selection  is  carried  out  by  a  high 
resolution  monochromator  (THR  1500  Jobin  Yvon). 
The  light  is  detected  with  an  optical  multichannel 
analyser  (OMA  4000  EG&G)  fitted  with  a  512  x  512 
pixel  matrix  controlled  by  a  microcomputer.  The 
chamber  translation  is  obtained  by  a  micrometric 
screw.  The  plasma  diameter  can  be  estimated  ranging 
from  6  to  8  mm.  All  the  measurements  are  performed 
at  atmospheric  pressure. 


Ar  COi 


Figure  1  :  Experimental  set  up.  M.C.  :  Maecker 
chamber,  M.F.C.  :  mass  flow  controllers, 
D.C.G.  :  DC  generator,  L.  ;  lens,  M.  : 
monochromator,  G.  :  grating,  M.S. 
mecanic  shutter,  C.C.D.  ;  CCD  matrix, 
P.C.  :  microcomputer. 

RESULTS 

The  temperature  is  deduced  from  the 
absolute  intensities  of  Ar  I  line  (^=696.54  nm)  and 
C 1  line  (A,=538.03  nm).  Measurements  are  fitted 
using  a  spline  function  before  the  Abel  inversion  [4]. 
The  concentration  calculations  are  performed  with 
the  hypothesis  of  the  local  thermal  equilibrium. 

Figure  2  presents  the  electronic  temperatme 
T«  versus  the  radius  of  the  plasma  column  in  a  pure 
argon  plasma  for  different  currents.  Temperature 
ranges  from  10000  K  on  the  axis  of  the  plasma  to 
7000  K  in  the  sides.  T*  increases  with  the  discharge 
current;  Te  gradient  is  weak  and  decreases  with  the 
discharge  current. 

Figure  3  presents  the  Te  radial  distribution 
for  different  Ar-CC)2  mixtures.  Temperature  ranges 
from  10000  K  on  the  axis  of  the  plasma  to  7000  K  in 
the  sides.  Te  decreases  with  the  CO2  concentration 
increasing. 
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Figure  4  shows  that  Te(r=0)  is  1000-2000  K 
greater  than  Te(r=2  mm)  independently  of  the 
mixture  composition.  For  r=0,  Te  decreases  weakly 
when  the  CO2  percentage  increases.  For  r=2  mm  Te 
decrease  is  about  1500  K  from  0.9%  to  12%  of  C02- 
Te  increases  with  the  discharge  current 
(Figure  5).  The  gradient  of  temperature  decreases 
when  current  increases. 


RAOUSCrmt 

Figure  2  :  Electronic  temperature  versus  the  radius  of 
the  plasma  column  in  a  pure  At  plasma  for 
different  discharge  currents. 


RAaLIS(mnt 

Figure  3  :  Electronic  temperature  versus  the  radius  of 
the  plasma  coliunn  for  different  plasma 
composition,  I  =  30  A. 


CO2  PERCEMTAGE 

Figure  4  :  Electronic  temperature  versus  the  Ar-COa 
mixture  composition  for  r  =  0  and 
r  =  2  mm,  1  =  30  A. 


13BCHARGE  ajRRENT  (/O 

Figure  5  :  Electronic  temperature  versus  the 
discharge  cxurent  for  r  =  0  and  r  =  2  mm 
in  a  99. 1%  At  -  0.9  CO2  mixture. 
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Abstract 

Using  a  model  for  the  cathode  sheath  of  a  thermal  arc 
interacting  with  a  cold  Cu  cathode,  it  is  shown  that 
metallic  plasma  pressures  exceeding  12  atm  within  the 
cathode  spots  are  needed  to  account  for  the  experimentally 
estimated  current  densities.  For  those  pressures,  the 
current  at  the  cathode  is  almost  entirely  transported  by  the 
ions  generated  by  ionization  of  the  vaporized  atoms. 

1.  Introduction 

It  is  known  that  the  current  transport  within  the 
cathode  spots  of  thermal  arc  systems  can  not  be  entirely 
assumed  by  the  thermo-field  emission  electrons  but  also 
by  the  ions.  This  phenomenon  is  particularly  true  for  cold 
cathode  spots  of  thermal  arcs  which  are  expected  to  carry 
current  densities  higher  than  10’  A  m'^  [1],[2]  (compared 
to  lO’-lO*  A  m'^  for  thermionic  cathodes  [3]).  Indeed,  cold 
cathodes  which  are  made  of  low  boiling  point  materials 
cannot  sustain  the  high  temperatures  needed  for  strong 
thermal  emission,  so  the  contribution  of  the  ions  to  the 
current  transport  is  expected  to  become  considerable. 
However,  the  plasma  conditions  prevailing  within  the  cold 
cathode  spots  and  giving  rise  to  such  high  current 
densities  are  not  well-known. 

As  suggested  by  the  works  of  [4]  and  [5],  these 
plasma  conditions  might  be  similar  to  those  of  the  vacuum 
arc:  the  cathode  spots  are  made  up  of  a  high  density 
metallic  plasma  (>1(F’ m'^)  formed  by  the  strong  erosion 
of  the  cathode  material  and  expanding  into  the  ambient 
gas.  Such  high  densities  of  plasma  combined  with  the 
relatively  low  electron  temperatures  expected  (1-2  eV  in 
vacuum  arcs  on  Cu  [6])  would  lead  to  metallic  plasma 
pressures  within  the  cathode  spots  above  10  atm. 

In  this  study,  the  model  for  the  cathode  sheath  of  a 
thermal  arc  plasma  interacting  with  a  cold  cathode  [7]  is 
briefly  resumed  and  used  to  estimate  the  minimum 
metallic  plasma  pressures  needed  to  account  for  the 
estimated  current  densities  flowing  through  a  Cu  cathode. 

2.  Cathode  Sheath  Model 

A  net  positive  space  charge  sheath  of  total  voltage 
drop  Vc  is  formed  at  the  plasma-cathode  boundary  due  to 
the  presence,  in  different  amounts,  of  three  different 
charge  carriers:  1)  the  metal  atoms  evaporated  .from  the 


cathode  surface,  ionized  in  the  presheath,  and  moving 
back  towards  the  cathode  carrying  a  current  density  ji,^,  2) 
the  thermo-field  (T-F)  emission  electrons  carrying  a 
current  jx-F.  and  3)  the  plasma  electrons  retro-diffusing 
towards  the  cathode  carrying  a  current  jb*. 

The  different  densities  of  species  at  the  cathode  sheath 
edge  are  calculated  using  the  modified  Saha  equation  [8] 
and  the  Dalton’s  law  for  a  plasma  pressure  p,  a 
temperature  TY  for  the  electrons  and  a  temperature  7*'  for 
the  heavy  species.  is  set  equal  to  the  cathode  spot 
surface  temperature  T,  and  related  to  the  plasma  pressure 
via  a  vapor  pressure  curve  (7^'  =  7,  =  Tyapip));  the 
cathode  spot  surface  is  assumed  to  be  in  equilibrium  with 
its  vapor. 

The  Zi-charged  ion  species  of  density  n"  at  the 
cathode  sheath  edge  are  assumed  monoenergetic  and  to 
enter  the  sheath  at  the  Bohm  velocity  (Bohm  criterion). 

Only  a  fraction  exp{-eVc/kTY)  of  the  Boltzmann 

distributed  plasma  electrons  of  density  at  the  cathode 
sheath  edge  reach  the  cathode  surface  at  their  thermal 
velocity.  The  expressions  for  the  ion,  back-diffusing 
electron  and  T-F  emission  current  densities  are  therefore: 

j:on=UienY[k[^^]Y  (D 

1  «  ( ^kVY 

Jbde  -  4  ]|_  Tlrtle  J  (2) 

JT-F  ^Jt-F^  (3) 

for  a  total  current  density: 

jtol  ~jion  +jT-F  +jbde  (4) 

The  equations  of  [9]  were  used  to  calculate  the  T-F 
emission  current  density  j%p.  The  values  for  P,  the  T-F 
emission  enhancement  factor  induced  by  the  presence  of 
ions  close  to  the  cathode,  were  taken  from  [10].  The 
surface  electric  field  strength  £,  is  obtained  from  the 
resolution  of  the  Poisson’s  equation  over  the  entire 
cathode  sheath  assuming  conservation  of  energy  and 
cuaent  density  for  the  three  types  of  charge  carrier.  The 
model  forms  a  self-consistent  set  of  equations  solvable  for 
given  values  of  p,  T"  and  Vc. 
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3.  Results  and  Discussion 

Values  of  V,.  -  7  V  and  -  1 .35  xl O'*  A  obtained 
recently  by  [2]  for  a  100  A  atmospheric  pressure  argon  arc 
on  a  cold  Cu  cathode  are  used  to  estimate  the  plasma 
parameters  within  the  cathode  spots.  Fig.  1  shows  a 
contour  plot  of  the  total  current  density  calculated  using 
the  model  with  K=7  V.  The  results  show  that  metallic 
plasma  pressures  exceeding  -12  atm  for  electron 
temperatures  at  cathode  sheath  edge  ranging  from  0.9  to 
1.2  eV  are  needed  to  account  for  the  estimated  current 
density.  The  corresponding  cathode  spot  temperatures 
exceed  3400K.  Under  those  conditions,  the  ratio  of  the 
flux  of  vaporized  atoms  to  the  flux  of  thermo-field 
electrons  is  -10;  this  shows  how  potentially  large  can  be 
the  flux  of  returning  ions. 


p  [atm] 


Fig.  1.  Contour  plot  of  the  total  current  density  y,,,  in  the 
p-T"  plane  for  Vc  =7  V. 

Fig.  1  also  shows  that,  for  a  given  metallic  plasma 
pressure,  the  total  current  density  peaks  for  Tl‘-\  eV. 
This  value  of  the  electron  temperature  is  a  function  of  the 
cathode  material;  it  corresponds  to  the  electron 
temperature  at  which  the  electron  density  for  a  specific 
material,  and  therefore  the  ion  density,  reaches  a 
maximum  value.  For  this  electron  temperature,  the  ion 
current  yi,*,  the  surface  electric  field  strength  £„  and  the 
enhancement  factor  p  all  take  their  maximum  values 
giving  rise  to  the  maximum  current;  for  p  =12  atm  and  T" 
=1  eV,  the  surface  electric  field  strength  £,  is  -6.1x10* 
Vm"'  while  P  is  -1.8.  Under  these  conditions,  the 
thickness  of  the  cathode  sheath  is  -2.2x10  *  m  which  is 
-14  times  the  Debye  length  of  the  metallic  plasma. 

Fig.  2  shows  the  evolution  with  p  of  the  different 
contributions  to  the  total  current  density  y,,,  for  £"=1  eV 
and  Vc  =7  V.  An  overview  of  Fig.  2  shows  clearly  that  the 
ion  current  is  dominant  over  both  elecUro'n  currents.  For 
p=\2  atm,  the  ratio y'ioo/yM  is  -0.88  and  decreases  to  -0.78 
for  p=15  atm  while  the  ratio  yr-F/yu.  is  -0.23  for  p=12  atm 


and  increases  to  -0.29  for  /7=15  atm.  For  the  same 
pressure  range,  the  ratio  decreases  from  —0.11  to 
-0.09.  The  contribution  from  the  retro-diffusing  plasma 
electrons  is  relatively  small  due  to  the  important  potential 
drop  to  overcome.  One  observes  here  an  interesting 
feature  of  thermal  arc  cold  cathode  spots;  due  to  the  high 
metallic  plasma  pressures,  the  current  distribution  among 
the  main  charge  carriers  (ions  and  T-F  emission  electrons) 
is  inverted  when  compared  to  thermionic  cathodes  (see  [3] 
for  example). 

Finally,  this  study  suggests  that  the  attachment  of 
thermal  arcs  on  cold  cathodes  is  a  high  pressure 
phenomenon  similar  to  vacuum  arc  behavior. 


Fig.  2.  Contributions  to  the  total  current  density  y',,,  as  a 
function  of  p  for  £"=1  eV  and  Vc  =7  V. 
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The  electrode  vaporization  during  the  electrode 
separation  in  an  electrical  circuit  breaker  influences 
strongly  its  intermption  capabilities.  In  order  to  reduce 
the  long  and  expansive  testing  in  developing  these 
devices,  it  is  necessary  to  realize  a  correct  simulation  of 
their  behavior.  This  simulation  must  include  also  the 
effect  of  metal  vapor  presence  on  the  transport 
coefficients  of  the  SFg  quenching  gas  used  industrially 
in  such  devices. 

Previously,  a  medium  voltage  circuit  breaker  operated 
in  a  3  atm  SFj  gas  was  experimentally  studied  with 
temporal  resolution  [1,2].  The  electrodes  were  made  out 
of  copper  or  a  sintered  mixture  of  copper  and  tungsten. 
The  copper  temperature  and  density  were  obtained  by 
spectroscopic  measurements,  as  the  total  copper 
quantity  present  in  the  arc. 

These  values  can  be  compared  with  the  results  of  a  2D 
hydrodynamic  simulation  including  the  electrode 
vaporization  and  the  copper  effect  on  transport 
coefficients. 

The  model  describes  the  time  evolution  of  a  cylindrical 
plasma  in  local  thermodynamic  equilibrium  between 
two  cylindrical  electrodes.  The  physical  quantities  are 
functions  of  time  and  spatial  (radial  and  axial) 
coordinates.  The  mass,  momentum  and  energy 
conservation  equations  in  the  laminar  approximation  for 
the  plasma  and  the  Fourier  equation  for  the  heat 
diffusion  in  the  anode  are  solved  by  a  finite  element 
method  [3].  We  did  not  consider  the  magnetic  force  in 
the  momentum  conservation  equation,  neither  the 
presence  of  an  externally  generated  magnetic  field 
which  produces  the  arc  rotation  in  a  real  circuit  breaker. 
To  reproduce  the  experimental  conditions,  an  externally 
generated  sinusoidal  current  with  a  22  ms  period  and 
4.8  kA  peak  value  was  considered  between  the 
electrodes.  The  electrical  circuit  opened  1  ms  after  the 
beginning  of  the  current.  The  electric  field  is 
represented  only  by  its  axial  component.  The  plasma  is 
heated  by  Joule  dissipation.  The  model  includes  also  the 
anode  vaporization  by  an  energy  balance  equation  (at 
the  anode)  and  the  copper  diffusion  in  the  S-F  plasma. 
We  used  theoretically  calculated  mass  density,  internal 
energy,  specific  heat,  viscosity,  electrical  resistivity  and 
thermal  diffusion  coefficient  [4,5].  The  radiation 
transfer  was  considered  by  means  of  two  emission  and 
absorption  coefficients  depending  on  local  temperature 
and  composition.  The  plasma  was  considered  as  a  gray 
body  for  the  whole  spectrum. 


2-D  maps  of  temperature  field  in  the  plasma  present  a 
cooler  region  near  to  the  anode  and  a  warmer  central 
region,  as  obtained  experimentally  by  emission 
spectroscopy.  This  effect  is  explained  by  a  higher 
emission  coefficient  for  an  S-F  plasma  containing 
copper  particles.  The  copper  localization  close  to  the 
electrodes  experimentally  seen  by  •  time  and  spectral 
resolved  photography  [1]  is  well  reproduced  by  this  2-D 
simulation,  as  showed  in  figures  1  and  2. 


1  cm 


Figure  1  Copper  localization  in  the  arc  as  obtained  by 
time  and  spectral  resolved  photograph  (at  6  ms 
after  the  electrode  separation) 

The  copper  mass  between  the  electrodes  as  obtained 
from  simulation  and  from  experiments  is  presented  in 
figures  3  and  4  respectively.  The  maximum  simulated 
current  density  is  about  8T0^  A/cm^  and  the  simulated 
flow  velocity  is  about  100  m/s. 
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Figure  2  Copper  localization  in  the  arc  as  obtained  by 
2D  hydrodynamic  simulation  (at  6  ms  after  the 
electrode  separation) 


Time  (ms) 


Figure  3  Time  evolution  of  the  total  copper  mass 
betw/een  the  electrodes  as  obtained  by 
spectroscopic  measurements 
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Figure  4  Time  evolution  of  the  total  copper  mass 
between  the  electrodes  as  obtained  by 
hydrodynamic  simulation 
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The  interruption  capabilities  of  an  electrical  circuit 
breaker  are  much  influenced  by  the  electron  density. 
The  electron  density  depends  notably  on  the  presence  of 
electrode  material  in  the  arc.  The  high  current  densities 
at  the  instant  of  contact  separation  produce  a  strong 
local  electrode  heating  so  that  an  important  initial 
electrode  vaporization  appears.  After  separation,  the 
electrodes  are  heated  and  vaporized  principally  by  the 
important  radiation  emitted  by  the  arc  and  by  the 
electron  and  ion  bombardment. 

In  our  experiments,  we  used  a  medium  voltage  circuit 
breaker  operated  in  a  3  atm  SFg  gas  [1].  A  capacitor 
battery  was  discharged  into  the  circuit  breaker 
producing  a  half-period  of  a  quasi-sinusoidal  50  Hz 
current  with  4800  A  peak  current.  The  electrodes  were 
made  out  of  copper  or  a  sintered  mixture  of  copper  and 
tungsten. 

The  arc  rotation  produced  by  a  permanent  magnet  as 
explained  in  [1]  helped  to  enhance  arc  cooling  by 
thermal  transfer  with  the  surrounding  gas.  This  rotation 
permits  also  an  electrode  cooling  between  two  arc 
passages  on  the  same  zone. 

Fluctuations  of  the  instant  of  electrode  separation 
compared  to  the  current,  the  electrode  sinface 
modifications  and  the  turbulent  flows  induced  by  the  arc 
expansion  and  rotation  caused  a  random  effect  of 
electrode  vaporization  from  a  shot  to  another. 

The  plasma  parameters  were  obtained  by  simultaneous 
measurements  using  time  resolved  and  spatially 
integrated  emission  spectroscopy,  time  and  spectral 
resolved  photography  and  electrical  measurements  [1], 
Time  and  spectral  resolved  photographs  exhibited  an 
inhomogeneous  copper  presence  in  the  arc  [1].  A  strong 
emissive  copper  zone  (zone  1)  appeared  near  the 
electrodes  all  along  the  arc  evolution.  A  low  emissive 
copper  zone  (zone  2)  appeared  between  the  first  zone 
and  the  surrounding  cold  gas  and  sometimes  between 
die  two  electrodes. 

The  electron  densities  in  these  copper  dominated 
regions  were  obtained  from  Stark  line  broadening  and 
shift.  The  515.32  nm  line  is  the  single  Cul  line  for 
which  correct  values  of  the  line-width  Wq  and  line  shift 
AXq  seem  to  exist  [2]. 

Due  to  the  high  electron  density,  the  profiles  of  several 
Cul  lines  overlap  each  other,  as  shown  in  figure  1. 
Using  a  multi-Lorentz  fit  procedure,  it  was  found  that 
the  Cul  515.32  nm  line  profile  could  not  be  fitted  by 
one  sole  Lorentz  curve.  In  fact  the  expeiimental  profil 
could  only  be  theoretically  approached  by  using  a 


model  with  at  least  two  different  emitting  regions  of  the 
arc  contributing  to  the  profile,  as  suggested  by  the 
photographs.  Neglecting  the  self-absorption  effect,  the 
observed  line  profile  is  given  by: 

^  4/  •  (NuxPx,,  W  +  KiPx,,  W)  (1) 

where  and  n^  are  the  number  of  Cu  atoms  in  the 
emitting  level  in  the  zone  i  and  the  electron  density 
respectively.  The  Lorentz  profile  is  given  by: 

W-  1 

p  (X)=-^— - - 

71  wj  +(X-'ko-^^i) 

where  w,  and  AAj  are  correlated  by: 

Wi=—Wo  ;  AX,.  =-^A^o 

«o  «o 

The  line  fit,  the  number  of  copper  atoms  in  the  emitting 
level  and  the  electron  density  for  each  of  the  two 
regions  are  presented  in  figure  1  for  one  shot. 
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Figure  1  Experimental  copper  emission  spectrum  and 
its  theoreticai  approach  with  the  two  densities 
modei 

The  absolute  energy  calibration  was  performed  with  a 
tungsten  ribbon  lamp.  We  noted  that  the  most  important 
contribution  to  the  line  intensity  was  given  by  the 
emission  of  the  high  density  zone. 
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Sometimes,  in  the  first  2  ms  of  the  arc  life,  the 
515.32  nm  Cul  line  presented  also  an  absorption 
stracture,  as  shown  in  figure  2.  This  effect  was 
explained  by  the  absorption  of  the  radiation  emitted  in  a 
hot  central  copper  zone  by  the  cold  surrounding  copper 
zone  (zone  3).  Neglecting  the  self-absorption  effect  in 
the  hot  region,  the  line  profile  was  approached  by: 

(4) 

where  is  the  number  of  Cu  atoms  in  the  emitting 
level  in  the  zone  1  and  is  the  optical  depth  of  the 
absorption  zone  3: 


1- 


MiM 


«/3 


(5) 


with  fi^  the  oscillator  strength,  Vq  the  classical  electron 
radius,  and  g,  the  statistical  weights  and  and  «;  the 
densities  of  copper  atoms  in  the  upper  and  lower  levels. 


(W/sr/nm) 


X  (nm) 


CUj  plasma  in  LTE  at  3  atm  and  the  electron  density  for 
the  emission  zone  2  and  the  absorption  zone  3  as 
obtained  from  the  previous  spectra,  the  copper 
concentration  can  be  obtained  as  function  of 
temperature.  The  temperature  dependence  of  the  copper 
concentration  for  these  electron  densities  is  presented  in 
figure  3. 


Temperature  (kK) 


Figure  3  Copper  concentration  c  in  a  (SFelt-c  CUciF  LTE 
at  3  atm  for  the  eiectron  densities  in  the  zones 
2  and  3 

The  figure  3  gives  the  range  of  possible  temperatures 
for  the  emission  zone  2  and  the  absorption  zone  3.  For 
the  presented  spectra,  these  temperatures  are  between 
6700  and  10300  K  for  the  emission  zone  2  and  between 
5800  and  8800  K  for  the  absorption  zone  3. 


Figure  2  Absorption  of  the  copper  iight  emitted  in  a  hot 
region  by  the  copper  atoms  in  a  cold  zone 


An  iterative  fit  of  the  experimental  profile  including 
also  the  continuum  emission  yielded  N^j,  n^,,  and 


1- 


gt”u3 


=  ”;3^3  • 


V  g„«/3  2 


The  electron  densities  and  plasma  dimensions  imply  a 
plasma  in  local  thermodynamic  equilibrium  (LTE). 
Thus,  temperature  in  the  copper  zone  1  was  obtained  by 
an  iterative  procedure  based  on  Boltzmann  distribution 
using  line  intensities  determined  from  the  low  resolution 
spectral  data.  Time  evolution  of  the  copper  plasma 
temperature  for  the  high  density  copper  region  (zone  /) 
was  presented  in  [1]. 

Because  the  separation  of  the  contributions  of  the 
different  emissive  copper  zones  was  impossible  with  the 
low  resolution  spectrometer  the  temperature  of  the 
second  emission  zone  could  not  be  determined.  It  could 
only  be  estimated  as  follows:  if  we  consider  a  (SFft),.^ 
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1)  Introduction 


Usually,  the  electrical  conductivity  (EC)  in  thermal 
plasmas  is  considered  to  be  due  to  the  electrons. 
Nevertheless,  in  electro-negative  gases  such  as  S  F6,  the 
electrons  may  be  attached  to  atoms  to  form  negative 
ions;  in  this  condition,  occuring  in  SFe  plasmas  at 
atmospheric  pressure  when  the  temperature  T  <  4500  K, 
the  charged  particles  are  mainly  positive  and  negative 
ions,  so  that  the  EC  depends  on  these  ions.  This 
phenomenon  may  be  important  in  special  SF6  circuit- 
breaker  arcs  where  the  surrounding  SF6  gas  is  heated  at 
temperature  of  the  order  of  2000  K.  [1].  In  this  case  the 
residual  EC  may  strongly  influence  the  arc  decay  in  the 
presence  of  a  fest  recovery  voltage. 

The  aim  of  this  communication  is  to  present  the 
calculation  method  and  the  results  concerning  the  SFe 
electrical  conductivity  in  the  temperature  range  between 
1  000  and  5  000  K,  and  fora  pressure  range  between  0.1 
and  1.6  MPa.  As  a  first  step  we  shall  present  the  plasma 
equilibrium  composition;  then  we  will  describe  the 
theoretical  bases  of  the  EC  calculation  and  we  will  give 
the  main  results  and  the  corresponding  discussion. 

2)  Equilibrium  composition 

This  calculation  corresponds  to  an  extension  of  a 
previous  work  [2].  Now  we  take  32  species  into 
account:  7  neutral  polyatomic  molecules  (SF6,  SFs, 
SF4,  SFj,  SF2,  SSF2,  FSSF),  3  neutral  diatomic 
molecules  (F2,  S2,  SF),  2  neutral  atoms  (S,  F),  4  atomic 
ions  (F^  S",  F‘,  S'),  6  diatomic  ions  (F2^  S2^  SF\  F2', 
S2',  SF'),  9  polyatomic  ions  (SFs^  SF/,  SF/,  SF2", 
SFe',  SF5',  SF4',  SFj',  SF2')  and  the  electrons.  The 
methods  of  calculation  of  the  internal  partition  functions 
were  described  in  [2].  In  figure  1,  we  have  plotted  the 
evolutions  of  the  relative  charged  species  densities  in  an 
SFe  plasma  at  atmospheric  pressure.  It  is  important  to 
note  that  when  T<2  500  K,  the  dominant  positive  ion 
is  not  S2’^  (as  it  was  expected  in  [1]  and  computed  in 
[3])  but  SF3".  This  fact  will  have  a  great  influence  on  the 
behaviour  of  the  EC. 


3)  Bases  of  the  calculation 


Following  Devoto  [4]  the  electrical  conductivity  o  is 
given  by: 


a  =  -- 


'(1) 


where  e  is  the  electron  charge,  k  the  Boltzmann 
constant,  n  the  total  particle  number  density,  p  the  mass 
density.  Zj,  mj  and  n;  are  respectively  the  charge,  the 
mass  and  the  number  density  ofparticle  j,  and  Djj  is  the 
ordinary  diffusion  coefficient  between  particles  i  and  j. 
These  diffusion  coefficients  Dij  have  been  computed  with 
the  third  approximation  of  the  Chapman-Enskog 
method,  using  the  general  expressions  given  in  [4]. 
They  depend  on  the  cross  sections  of  the  elastic 
collisions  between  all  the  particles,  through  the  so- 
called  effective  collision  integrals  defined  by  [2]: 


Figure  1:  Relative  charged  particle  concentration  in  an 
equilibrium  SF6  plasma  at  atmospheric  pressure 
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Q''-*'  = 


4(/+l) 


;r(^+  l)![2/  +  l  -(-I)'] 

.T 


(2) 


where  I  and  s  define  the  order  of  the  collision  integral,  g 
being  the  relative  velocity  and  Q*'*  the  total  transport 
cross  section.  The  calculation  of  Q  depends  on  the  kind 
of  interaction: 

*  electron-neutral  interaction:  in  general  we  have  taken 
values  of  elastic  collision  cross  sections  from  literature 

[2].  For  the  reactions  between  electrons  and  polyatomic 
molecules  we  have  used  either  the  polarization  method 
or  the  hard  sphere  approximation. 

*  Collisions  between  charged  particles:  as  in  [2],  we 
have  adopted  a  screened  Coulomb  potential  allowing  to 
treat  attractive  and  repulsive  potentials. 

*  Ion-neutral  interaction:  purely  elastic  collisions  and 
charge  transfer  have  been  considered.  The  methods  have 
been  described  in  [2],  In  addition  to  this  previous  work, 
we  must  take  into  account  F-F'  charge  transfer. 
Nevertheless  the  cross  section  for  this  mechanism  is  not 
knovm.  We  have  then  calculated  the  corresponding 
collision  integral  by  the  polarization  method,  but  the 
influence  of  this  phenomenon  on  a  will  be  discussed  in 
the  last  part. 

4)  Results 

As  several  collision  integrals  are  not  well-known,  we 
have  considered  that  the  best  set  of  data  (standard  case 
for  our  calculation)  corresponds  to  the  following 
conditions: 

*  electron-molecule  interaction:  hard-sphere  method; 

*  F-F'  charge  transfer:  values  computed  with  the 
polarizability  and  multiplied  by  a  factor  of  10. 

In  order  to  check  the  dependence  of  the  EC  on  these 
collision  integrals,  the  evolutions  of  a  computed  for  3 
sets  of  data,  versus  the  temperature  T,  are  plotted  in 
figure  2.  The  3  sets  are  respectively:  the  standard  case;  a 
case  with  the  electron-molecule  interaction  computed 
with  polarizability;  a  case  with  the  (F-F  )  interaction 
without  the  factor  of  10.  We  can  observe  that  this  last 
mechanism  has  a  very  weak  influence  on  the  calculation 
of  o.  The  role  of  the  electron-molecule  interaction  is 
higher;  by  comparing  the  two  tested  methods  with 
experimental  cross  sections  of  the  literature  involving 
other  molecules  (N2,  H2,  O2,  CF4)  we  have  found  that 
the  best  approximation  for  electron-molecule  collision  is 
the  hard  sphere  model. 

Our  results  show  that  the  values  of  o  for  T<3  000  K 
depend  strongly  on  the  ionic  species  taken  into  account 
in  the  calculation  of  the  equilibrium  composition.  If  we 
consider  a  limited  number  of  ions  (S’^,  82^  SF"^,  F'  and 
SF')  the  ditference  between  the  two  conditions  c# 
calculation,  shown  in  figure  3,  is  very  important  when 
T<2  500  K.  In  this  same  figure  we  have  plotted 
experimental  values  indirectly  deduced  from  post-arc 
current  measurements  [1].  These  last  values  are  in  veiy 


good  agreement  with  our  results  computed  by  our  best 
set  of  data. 
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Figure  2:  Computed  variations  of  the  electrical 

conductivity: - this  calculation; - polarizability 

fore-neutral; . F-F-  without  charge  transfer 
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Figure  3:  Variations  of  a:  - this  calculation; 

—  —  —  calculated  with  a  limited  number  of  ionic 
species;  •  computed  by  [2];  X  measured  by  [1] 
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1.  Introduction 

The  calculation  of  radiative  transfer  is  a  time- 
consuming  step  in  the  numerical  modelling  of  thermal 
plasmas.  In  the  hottest  regions  of  thermal  plasmas  the 
radiative  energy  losses  may  generally  be  estimated 
using  a  net  emission  coefficient  previously  computed 
assuming  an  isothermal  plasma.  But  this  coefficient  is 
enable  to  calculate  the  real  absorption  of  radiation  in 
the  edges  of  the  plasma  and/or  in  the  cold  gas 
surroimding  the  plasma.  The  best  way  to  calculate  this 
absorption  seems  to  use  the  method  of  partial 
characteristics,  proposed  by  Sevastyanenko  [1],  but  the 
previous  calculation  of  these  characteristics, 
corresponding  to  source  and  sink  terms  of  radiation,  is 
long  and  complicated  (see  e.g.  [2]).  A  more  classical 
method  to  compute  the  radiative  transfer  is  based  on 
the  assumption  of  grey  body  with  one  or  several 
wavelength  bands.  Within  each  band  a  mean  absorption 
coefficient  is  defined;  it  depends  only  on  the 
temperature  and  pressure  and  not  on  the  wavelength  (or 
fi-equency). 

The  problem  correlated  with  this  method  is  the 
line  radiative  transfer  which  is  not  well  treated  and  may 
induce  large  errors  on  the  computed  radiative  flux.  We 
propose  here  a  simple  method  to  compute  the  mean 
absorption  coefficient  that  takes  into  account  the  strong 
line  self-absorption  in  the  plasma.  As  a  consequence 
this  new  mean  absorption  coefficient  depends  on  the 
size  of  the  plasma.  We  present  here  results  concerning 
thermal  plasmas  in  various  gases  or  mixtures  of  gas 
and  vapour;  air,  methane  and  Ar-Fe. 

2.  Bases  of  the  calculation 

In  the  spectrum  of  radiation  emitted  by  a 
thermal  plasma,  the  real  absorption  coefficient  may 
vary  by  several  orders  of  magnitude.  Thus  it  is 
important  to  define  wavelength  bands,  where  the 
absorption  coefficient  changes  slowly.  On  the  other 
hand  the  use  of  the  method  in  a  numerical  modelling 
needs  a  small  number  of  bands  in  order  to  limit  the 
computation  time.  The  criteria  allowing  to  define  the 
limits  of  the  bands  are  mainly  given  by  the  spectral 
evolution  of  the  continuum  absorption  coefficient 
showing  sudden  jumps  due  to  the  electronic  structure 


of  the  species.  These  jumps  correspond  to  photon 
energy  equals  to  ionisation  or  dissociation  energies. 
The  chosen  band  limits  for  the  studied  gases  or 
mixtures  are  given  in  tables  1  to  3. 

For  a  given  band  the  mean  absorption 
coefficient  <K  >  (K  takes  induced  emission  into 
account)  corresponds  to  continuum  and  line 
contributions.  For  the  continuum  we  have  first 
calculated  the  spectral  variation  of  the  absorption 
coefficient  at  a  given  temperature  by  considering  all 
the  mechanisms  leading  to  the  continuum  emission: 
radiative  recombination;  bremsstrahlimg;  attachment. 
Details  of  this  calculation  were  given  previously[3]. 
Then  the  mean  continuum  contribution  for  a 
particular  band  is  given  by: 

jK'v^B.dv 

<Km>=\ -  (1) 

jBvdv 

where  By  is  the  Planck  fimction,  Vj  and  V2  are  the 
boundaries  of  the  band. 


band 

number 

1 

2 

3 

4 

5 

6 

wave¬ 

length 

(nm) 

30 

41.8 

41.8 

85.2 

85.2 

91 

91 

106.4 

106.4 

1199.1 

1199.1 

4500 

Table  1.  Band 

limits  for  an  air  plasma. 

band  number 

1 

2 

3 

4 

5 

wavelength 

(mn) 

30 

44.8 

44.8 

78.4 

78.4 

156 

156 

1199.1 

1199.1 

4500 

Table  2.  Band  limits  for  an  Ar-Fe  plasma. 


band 

number 

1 

2 

3 

4 

5 

6 

7 

wave- 

30 

92 

no 

150 

190 

330 

3000 

length 

- 

- 

- 

-' 

- 

- 

- 

(nm) 

92 

no 

150 

190 

330 

3000 

30000 

Table  3.  Band  limits  for  a  methane  plasma. 
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The  contribution  <Kj>  of  a  non-absorbed 
line  to  the  mean  absorption  coefScient  of  a  given  band 
is  given  by  the  Ladenburg  law: 


<K,  >= 


jBo(v)K,(v)dv 

Av _ 

jBo(v)dv 

Av 


Bo(vo)  TOq 
W(Av)  moC 


fiuiiu 


(2) 


where  Av  is  the  frequency  interval  of  the 
corresponding  band  and  Vq  the  central  frequency  of 
the  line  emitted  from  an  upper  level  (n„  number 
density  of  this  level  and  fjy  the  line  oscillator  strength). 

For  a  self-absorbed  line,  we  consider  that  only 
a  part  of  the  line  contributes  to  the  mean  absorption 
coefficient.  Thus  we  multiply  the  value  of  <Kr>  given 


in  (2)  by  an  escape  factor  A^  which  value  lies  between 
0  and  1.  This  escape  factor  depends  on  the  plasma 
geometry.  For  calculating  it  we  assume  an  isothermal 
plasma  with  a  thickness  R;  the  total  mean  absorption 
coefficient  for  a  given  band  <  K  >  is  then  depending  on 
this  parameter  R. 


[2]  Raynal  G.,  Gleizes  A.  Plasma  Sources  Sci.  Technol, 
4,  152  (1994) 

[3] Gleizes  A.,  Rahmani  B.,Gonsalez  J.J.,  Liani  B. 

J.  Phys.  D,  24,  1300  (1991) 

[4]  H.Riad.  These  de  I'universite  Paul  Sabatier  de 
Toulouse  n°  2465  (1996) 


plasmas  thicknesses  (R=0 — ,  R=1  mm  ... ,  R=10  mm 
— )  and  2  bands. 


3.  Results 

We  present  in  figures  1-3  the  evolution  of  the 
mean  absorption  coefficient  <K  >  versus  temperature, 
for  various  bands  of  the  considered  plasmas.  From 
figure  1  we  may  observe  the  strong  effect  of  line  self¬ 
absorption  in  air  plasma  at  high  temperature 
(T>8000K)  assuming  that  all  the  molecules  are 
dissociated. 

The  effect  of  presence  of  a  metal  vapour  is 
illustrated  in  figure  2,  especially  in  the  band  4 
containing  a  lot  of  resonance  lines  of  Fe  and  Fe^ 
Finally  for  methane  the  mean  absorption  coefficient 
takes  into  account  the  molecular  absorption  at  low 
temperature  (T<5000K)  which  is  due  to  dissociation 
and  ionisation  [4]. 

4.  Conclusion 

We  have  calculated  values  of  mean  absorption 
coefficients  in  various  thermal  plasmas  that  allow  to 
compute  the  radiative  transfer  in  a  rather  simple  way 
but  considering  a  local  self-absorption  of  resonance 
lines.  In  a  near  future,  we  v«ll  use  these  data  for 
radiation  transfer  calculations  and  we  will  compare  the 
final  results  with  those  obtained  by  other  methods. 
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argon  plasma  ( — )  and  with  1%  iron  ( — ),  R=5  mm. 


Temperature  (kK) 

Figure  3.  Evolution  of  <  K  >  in  methane  plasma  for 
various  bands ,  R=5  mm. 


XXm  ICPIG  (  Toulouse.  France  )  17  -  22  July  1997 


11-108 


Ionisation  Efficiency  in  a  Pinched  Cascaded  Arc  Channel 
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1  Introduction 

In  the  present  study,  we  will  focus  on  the 
improvement  of  the  ion  density  at  the  arc 
outlet.  Efficiency  increases  are  necessary  to 
obtain  effective  remote  deposition,  in  which 
the  plasma  source  and  target  area  are 
decomposed.  Remote  deposition  is  easier  to 
control  than  non-remote  deposition  and 
therefore  preferable.  The  increase  in  the 
ionisation  outflow  will  be  obtained  by  creating 
a  nozzle  shaped  cylindrical  arc  channel  as 
sketched  in  figure  1. 

Simulations  were  used  to  obtain  the  results. 

The  arc  plasma  expands  supersonically  into  a 
low  pressure  vessel.  To  simulate  the  existence 
of  the  expansion,  a  Ma  =  0.9  boundary 
condition  is  implemented  at  the  arc  outlet. 

1  2  7  3  4 

1 :  end  on  viewing  wndow 
2:  Tungsten*Thorium  cathode  (3x) 
3;  cascade  plate 
4;  anode  plate 
5:  nozzle  plug 
6;  gas  inlet 
7:  plasma  channel 
8:  cathode  housing 


Figure  la:  The  cascaded  arc:  a  thermal 
plasma  at  atmospheric  pressure  is  created  in  a 
D.C.  arc 
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Figure  lb:  Generated  arc  channel  grid 

2.  Cascaded  Arc  Plasma  Source 
Characteristics 

Table  1  gives  the  operating  characteristics  used 
in  the  simulations. 


Table  1:  Operating  parameters  of  the 
simulations 


Gas  used 

Argon 

Arc  current  (Ia„.) 

25,40,50,60  and  75  A. 

Total  gas  flow  rate 

10,20,30,65,100  and  150  secs 

Outlet  diameter  (2*R) 

4  mm 

Nozzle  diameter  (2*r) 

1.5, 2, 2.5,3,3.5,3.7,4  mm 

Arc  channel  length 

34  mm  or  60  mm 

3  Ionisation  efficiency 


Gasdynamic  laws  were  used  to  understand  the 
pinch  processes  in  the  cascaded  arc  channel. 

-  Introducing  a  nozzle  entails  that  the  plasma 
flow  is  blocked.  Slowing  down  the  plasma  at 
the  arc  inlet  and  increasing  the  electric  field  at 
the  nozzle  leads  to  a  more  efficient  arc. 

-  Using  Bernoulli’s  law  together  with  mass 
conservation,  we  find  that  the  ionisation  rate 
decays  exponentionally  with  the  flow. 

-  The  ionisation  coefficient  S„,  for  which  the 
electron  energy  distribution  is  Maxwellian, 
distinguishing  a  bulk  temperature  Tb  and  a 
different  tail  temperature  T„  can  be 
represented[l]  by: 


Considering  the  resistance  between 
consecutive  arc  channel  plates  in  agreement 
with  Dahiya  e.a.[2],  we  get: 


4.  Simulations 


Stationary  two-dimensional  Boltzmann 
Transport  Equations  for  density,  momentum 
and  energy  are  solved  using  the 
magnetohydrodynamic  approximation[3] 
(MHD).  The  5-point  Strongly  Implicit 
Procedure  (5SIP)[4]  is  used  to  solve  the 
discretised  equations.  The  system  of  transport 
equations  is  solved  numerically,  using  the 
SIMPLE  algorithm[5]  for  the  pressure  and 
flow  fields.  Due  to  the  model's  ability  to  use 
orthogonal  curvilinear  coordmates[6],  we  were 
able  to  adjust  the  geometrical  configuration. 
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5.  Conclusions 

•  Pinching  the  arc  channel  is  an  easy  but 
rather  not  unlimited  way  of  increasing  the 
ionisation  degree  at  the  arc  outlet. 

•  The  typical  flow  and  power  dependence  of 
the  ionisation  degree  was  found  and 
explained. 

•  The  ionisation  coefficient  S,.,  increases 
with  the  square  of  the  electric  field.  The 
flow  dependence  remains  the  same  at  all 
currents. 

•  Simulations  indicate  that  ionisation  takes 
place  dominantly  very  near  the  arc  inlet. 

•  Especially  for  small  nozzle  cross-sections, 
temperatures  (coming  closer  to  LTE)  and 
electric  field  intensity  increase  inside  the 
nozzle.  However,  ionisation  remains  to 
take  place  dominantly  near  arc  inlet. 

•  The  decrease  (or  'saturation')  in  arc  outlet 
ionisation  degrees  for  strongly  pinched 
arcs  at  low  flows  is  expected  to  be  caused 
by  diffusion  to  the  wall. 
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1.  Introduction 

To  determine  atomic  structure  constants  like  oscillator 
strengths  (or  transition  probabilities)  of  spectral  lines 
speetra  emitted  from  plasma  sources  containing  the 
studied  element  are  commonly  recorded.  On  hand  of 
measured  line  intensities  and  some  plasma  parameters 
the  desired  atomic  structure  eonstants  can  derived. 
The  introduction  of  source  elements  in  plasma  sources 
is  often  difficult.  Relatively  easy  is  the  introduction  of 
gases  or  mixtures  of  vapours  of  chemical  compounds, 
containing  the  studied  element  and  a  working  gas 
(together  with  argon),  in  thermal  plasma  sources  like 
the  wall-stabilized  cascade  arc  after  Shumaker  [1] 
(realised  in  many  versions). 

2.  Experimental  set-up 

A  mixture  of  argon  and  bromine  vapours  was 
introdueed  in  the  central  section  of  a  wall-stabilized 
arc,  the  parts  near  the  electrodes  were  supplied  with 
pure  argon  (Fig.l).  In  different  experiments  currents 
from  30  to  60  amps  were  used.  The  total  plasma  length 
was  about  7cm  (from  C  to  A),  the  length  of  the  bromine 
plasma  4  cm  (from  c  to  g).  The  amoimt  of  bromine 
vapours  (between  10%  to  20  %)  was  regulated 
adjusting  the  temperature  of  a  thermostat.  The  plasma 
column  was  imaged  onto  the  entrance  slit  of  a  grating 
spectrometer  equipped  with  an  optical  multichannel 
analyzer  (OMA  4).  Profiles  of  Arl,  BrI  and  Bril 
spectral  lines  were  recorded  and  global  intensities  and 
hallwidths  were  calculated. 


AtI-Bl 


Fig.  1  Wall-  stabilized  dc  arc  applied  to  creation  of  a 
argon  -  bromine  plasma 


3.  Plasma  diagnostics  using  the  LTE  model 

3.1  Set  of  equations  linking  the  plasma  parameters 
for  an  argon  -  bromine  mixture 

The  application  of  the  LTE  model  permits  to  establish  a 
set  of  equations  (1  to  7),  which  provides  plasma 


parameters  if  global  intensities  of  Ar  and  Br  lines  (Eqs 
5  and  6)  and  haUwidths  of  some  Stark  broadened  lines 
(Eq.  7)  are  available  from  experiment. 

P  =  (ne  +nAr  +nB,  +nB,)-kT 

(1) 

fte  =  nlr  +  K 

(2) 

(3) 

=  nB,SB,(T) 

(4) 

Iat  =nArfAr(T) 

(5) 

^Br  ” 

(6) 

AAi/2  =a-neT'' 

(7) 

where 

(8) 

f(T)= 

47tAi(j  U 

(9) 

A  serious  problem  appears  when  the  length  of  the 
argon  plasma  („!”  in  eq.  9)  must  be  estimated.  Sinee 
the  influence  of  the  presence  of  bromine  in  the  argon 
plasma  caimot  be  neglected,  the  total  length  of  the 
plasma  does  not  correspond  to  the  argon  plasma  length. 
The  observed  intensity  of  the  Arl  line  (4300  A)  has  to 
be  corrected  because  the  bromine  concentration  in  the 
central  part  of  the  plasma  column  „reduces”  the  length 
of  the  argon  plasma  to  an  „effective”  value. 

3.2  Special  methods  of  temperature  determination 

The  mostly  used  method  for  determination  of  transition 
probabilities  is  based  on  ratios  of  line  intensities.  The 
knowledge  of  plasma  component  densities  is  than  not 
necessary,  but  the  plasma  temperature  must  be  known. 
Two  ways  to  obtain  the  plasma  temperature  will  be 
presented  in  this  work: 
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a)  If  values  of  transition  probabilities  for  a  number  of 
lines  are  available  -  Boltzmann  plot  (see  Eq.  9)  may  be 
drawn  and  the  temperature  can  be  easily  derived  from 
the  slope  of  this  plot  (Fig.  2). 


Fig.  2  Boltzmann  plot  obtained  from  some  BrI-  lines  of 
known  transition  probabilities  The  temperature  derived 
from  the  slope  is  about  9900  K  (±  10%). 


b)  Another  possibility  appears  if  optically  thick  lines 
are  observed  in  the  studied  plasma.  It  is  known,  that 
the  intensity  in  line  centres  of  some  strongly  self- 
absorbed  lines  may  attain  the  value  of  the  Planck 
function  for  the  given  plasma  temperature.  This  effect 
was  presumed  by  Boldt  [2]  to  obtain  absolute  standard 
intensities  in  the  VUV,  where  lines  of  this  type  often 
appear  (in  this  case  the  plasma  temperature  must  be 
known).  In  our  earlier  work  [3]  we  used  the  inverse  of 
this  way  -  we  measured  the  absolute  intensity  in  the  line 
center  of  an  optically  thick  Arl  line  and  from  the 
corresponding  value  of  the  Planck  function  we  obtained 
the  temperature  (for  this  work  see  Fig.  3) . 


Fig.  3.  Temperature  measurement  from  intensities  of 
line  centres  of  the  selfabsorbed  Arl  8115  A  line.  The 
right  hand  scale  permits  the  estimation  of  the 
temperature  from  the  maximum  (and  the  minimum)  of 
intensity  observed  in  the  figure.  The  minimum 
corresponds  to  the  coldest  region  in  the  plasma. 


4.  Discussion  of  results 

The  matrix  of  the  CCD -detector  (256  xl024  pixels) 
was  divided  into  25  tracks  and  covers  a  surface  about  5 
mm  x20  mm.  The  optical  system  imaged  the  plasma 
column  (observed  end-  on  through  the  electrode)  1:1 
onto  the  detector  plate  and  spectra  originating  from 
different  regions  of  the  plasma  column  were  recorded  at 
the  same  time.  Radial  distributions  of  plasma 
parameters  were  determined.  For  the  given  operating 
conditions  in  different  regions  of  the  plasma  column 
temperatures  between  9500  K  and  13000  K  were 
observed  and  electron  densities  between  lo'®  cm'^  and 
lO”  cm"^  were  found.  Applying  an  iteration  method 
the  „effective”  length  of  the  argon  plasma  was 
estimated  (about  0.8  of  the  total  plasma  length).  The 
electron  densities  were  calculated  from  Stark 
broadening  of  the  Arl  4300  A  line.  The  halfwidth  of 
this  profile  depends  on  the  physical  conditions  in  the 
plasma  column,  which  is  not  homogeneous,  and 
reasonable  corrections  can  be  made  only  if  the  plasma 
is  observed  side-on  and  Abel  inversions  are  performed. 
Thus  the  determined  electron  density  values  are 
„averaged”  values  only.  In  further  experiments 
additionally  small  quantities  of  hydrogen  will  be 
introduced  in  the  central  part  of  the  plasma  column  and 
the  halfwidth  of  the  Hp  line  will  provide  more  accurate 
values  of  the  electron  density. 

The  temperatures  obtained  for  the  same  region  of  the 
plasma  column  applying  the  above  mentioned  methods 
and  values  resulting  from  the  solution  of  the  set  of 
equations  1  to  7  do  not  agree  very  well.  Discrepancies 
of  about  10%  could  be  found. 
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Introduction 

Plasma  cutting  is  a  widely  extended  industrial 
application  of  thermal  plasmas.  However,  our 
knowledge  of  the  detailed  physical  effects  contributing 
to  the  plasma  torch  performance  is  still  quite 
incomplete.  The  heat  transfer  to  the  anode,  the  changes 
in  plasma  properties  due  to  the  metallic  vapors  and  to 
the  growing  hole  in  the  cut  piece,  are  complex  but 
interesting  phenomena  to  understtind  for  future 
optimizations  of  torch  performance. 

1.  Experimental  study. 

In  this  work  we  made  an  experimenuil  study  on  the 
transferred  arc  of  a  cutting  torch  with  Zirconium 
cathode,  using  air  as  shielding  gas,  and  currents  in  the 
range  50  to  150  A.  The  light  emitted  by  the  arc  was 
analyzed  by  a  spectrometer  Jobin-Yvon  HR460  with  a 
CCD  camera  and  a  photomultiplier. 

In  normal  operation  of  the  cutting  torch,  there  arc 
frequent  double  arcing  and  instabilities  that  it  makes 
difficult  to  obtain  the  plasma  parameters.  An  example 
of  double  arcing  could  be  seen  in  the  following  figure, 
where  the  metallic  elements  and  Nitrogen  atomic  lines 
show  a  clear  deformation  in  the  left  side.  This 
deformation  is  stronger  for  the  emission  of  the  Cu  line 
because  the  nozzle  of  the  torch  is  made  of  copper. 


Figure  1.  Radial  profile,  at  half  cathode-anode  length, 
of  emitted  intensity  for  atomic  lines  of  neutral  N,  Fe, 
and  Cu,  normalized  to  unity  for  each  species,  for  an  air 
arc  with  a  current  intensity  of  100  A. 

By  using  the  experimental  data  that  was  Uiken  without 
noticeable  instabilities  or  movements  of  the  plasma 


column,  we  determined  temperature,  excited  level 
populations  and  species  concentration  distributions 
from  emission  spectroscopy  by  assuming  the  validity 
of  Boltzman  law.  Electron  density  was  also  obtained 
from  Stark  broadening  of  the  Ha  atomic  line. 

Figure  2  shows  the  obtained  relative  concentration  of 
neutrals  and  ions,  at  4  mm  from  the  anode  for  a  total 
anode  to  cathode  length  of  10  mm  and  a  current  of 
100  A.  As  it  can  be  seen  the  presence  of  metallic 
elements  is  not  important  at  this  distance  from  the 
ancxle. 

The  obtained  radial  temperature  distribution,  for  the 
data  of  figure  2,  had  a  maximum  at  the  arc  axis  of  13 
600  K.  At  the  radial  position  of  0.7  mm,  where  the 
concentration  of  neutral  and  ionized  Nitrogen  become 
of  equivalent  magnitude,  the  temperature  was  of  10  200 
K.  This  result  is  in  disagreement  with  the  standard 
temperature  dependence  of  the  composition  of  an  air 
plasma,  calculated  from  minimization  of  Gibbs  &ee 
energy  [2],  We  must  remember  that  the  concentration 
of  ionized  atoms  was  obtained  from  the  population  of 
their  excited  levels,  and  it  can  be  heavily  overestimated 
due  to  deviations  of  Boltzman  law. 


Figure  2.  Radial  distribution  of  relative  concentration 
for  several  neutral  and  ionized  atoms,  at  4  mm  from  the 
anode,  in  an  air  arc  transferred  over  mild  steel  with  a 
total  length  of  10  mm  and  a  current  intensity  of  100  A. 

The  temporal  evolution  of  plasma  parameters  was  also 
obtained.  As  the  concentration  of  metallic  vapors 
increases,  the  results  show  a  lowering  of  plasma 
temperature  and  electrical  conductance.  This  effect 
reaches  different  amounts  and  it  has  different  temporal 
behavior  for  different  metal  pieces. 
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2.  Modeling 

Numerical  modeling  of  the  plasma  torch  to  compare 
with  the  experimental  data  was  also  made.  The  model 
is  based  on  cylindrical  symmetry  and  the  following 
equations  for  mass  conservation: 

radial  momentum  conservation: 
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axial  momentum  conservation: 
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electric  current  continuity: 
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and  magnetic  field  equation: 


iA(rB0)  =  n„J, 

This  set  of  equations  was  solved  by  Patankar's 
SIMPLER  algorithms. [1]  We  u.sed  theoretical  values 
for  thermal  coefficients  [2]  and  emitted  radiation  power 
losses  [3]  under  the  assumption  of  LTE. 

The  anode  domain  and  anode  layer  were  taken  into 
account  in  a  simple  way.  The  energy  balance  at  the 
anode  was  made  by  estimating  the  plasma  heat  flux  to 
the  anode  and  considering  the  heat  conductivity  on  the 
metallic  piece  to  be  cut,  its  vapor  pressure  for  a  given 
temperature  and  its  latent  heat  for  melting  and  boiling. 
A  more  complete  simulation  of  the  cutting  process, 
including  convection  on  the  weld  pool,  and  metal 
expulsion  by  the  gas  flow,  is  still  under  development. 
Figure  3  shows  the  calculated  isotherms  using  a 
101x101  grid,  and  figure  4  the  stream  lines  in  the 
plasma,  at  the  beginning  of  the  operation,  when  the 
anode  is  still  flat. 


Figure  3.  Isotherms  ( from  4  kK  to  20  kK  with  a  step 
of  4  kK )  for  a  transferred  arc  with  a  current  intensity  of 
I50A  and  a  cathode-anode  length  of  10  mm. 


Figure  4.  Stream  lines  in  g/s  for  the  same  parameters 
as  figure  3. 


Comparison  of  the  calculations  with  experimental 
results  shows  a  good  agreement  for  some  properties  as 
temperature.  The  observed  lowering  of  plasma 
temperature,  as  the  cutting  is  going  on,  it  can  be 
explained  as  a  combination  of  changes  on  the  anode 
attachment  with  the  increase  of  radiation  emmited  by 
metallic  vapors. 

The  variation  on  net  plasma  resistance  is  a  complex 
interaction  between  changes  in  plasma  temperature, 
plasma  conductivity,  plasma  column  length  and  also 
the  anode  attachment. 
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1.  Introduction 

The  energy  demand  for  lighting  is  tremendous,  and 
thus  the  reduction  of  costs  by  using  more  efficient  light 
sources  is  an  enormous  challenge.  Therefore  research 
and  development  in  this  field  will  still  be  of  essential 
interest.  The  application  of  new  materials  and 
procedures  may  lead  to  the  development  of  new  light 
sources.  Some  decades  ago,  light  transmitting  ceramic 
materials  introduced  a  new  quality  of  high-pressure 
sodium  lamps.  Also  metal  halide  lamps  made  of 
ceramic  have  been  available  lately.  These  materials  are 
highly  translucent  but  have  the  disadvantage  to  be  not 
transparent.  That  is  why  spatially  resolved 
spectroscopic  investigations  cannot  be  performed  on 
such  lamps  and  therefore  transparent  alkali  resistant 
discharge  tubes,  for  example  sapphire  tubes,  are 
required.  Such  sapphire  tubes  are  used  to  investigate 
temperature  profiles  of  pulsed  sodium  discharges. 

2.  Experiment 

A  special  technique  is  used  to  prepare  the  sodium 
discharge  tubes  of  sapphire.  The  discharge  is  operated 
in  a  so-called  simmer  mode  that  keeps  the  plasma  in 
the  conducting  state  by  means  of  a  dc  discharge  which 
controls  the  cold-spot  temperature  in  the  discharge  tube 


and  therefore  the  available  alkali  vapour  pressure.  The 
stationary  dc  power  is  about  50  W.  It  is  superimposed 
by  nearly  rectangular  current  pulses  produced  by  a 
second  circuit.  They  have  a  duration  of  1  ms,  current 
values  from  1  A  up  to  50  A  and  a  maximum  power 
input  of  up  to  7  kW  is  reached.  During  the  pulse 
regime,  plasma  temperature  and  particle  number 
densities  and  hence  the  optical  output  are  determined 
by  the  pulse  power. 

The  spectroscopic  measurements  are  performed  during 
the  pulse  current  plateau  in  the  visible  and  infrared 
spectral  range.  The  radiation  of  the  discharge  passes  an 
optical  mirror  system  and  is  imaged  to  the  entrance  slit 
of  a  0.5  m  spectrograph.  The  side-on  intensity 
distribution  is  recorded  by  means  of  a  gated  CCD- 
system  connected  to  a  computer  for  further  processing 
of  the  images.  For  an  absolute  radiation  calibration  a 
xenon  radiation  standard  is  used. 

3.  Determination  of  the  temperature 

For  the  determination  of  the  plasma  temperatures  the 
following  methods  are  used: 

1.  The  temperanire  can  be  derived  from  the  absolute 
intensity  of  one  spectral  line.  If  the  degree  of  ionisation 
is  low  and  the  vapour  pressure  is  known  the  line 
intensity  reads; 


1 

1 

storage 

pulse 

— 1 

power 

suppiy 

Fig.  1 :  Schematic  view  of  the  experimental  set-up. 


\  he  p 

S*/  =  — —  —  ^*4/exp 
47t  A,  kT 

e*;  -  emission  coefficient,  h  -  Planck  constant,  c  - 
velocity  of  light,  X  -  wavelength,  T  -  temperature,  g;., 
-  statistical  weight,  transition  probability, 
excitation  energy  of  the  upper  level,  k  -  Boltzmann 
constant. 

The  sodium  vapour  pressure  p  can  be  determined  from 
the  wavelength  separation  Aa.  between  the  maxima  of 
the  self-reversed  sodium  D-lines  followina  de  Groot 

[n- 

2.  The  temperamres  are  derived  from  the  intensity'  ratio 
of  two  atomic  sodium  lines; 

E,  ^  kT  J 

The  index  1  refers  to  the  first,  2  to  the  second  line.  This 
equation  offers  the  possibility  to  evaluate  the 
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temperature  without  knowledge  of  the  number  density 
of  sodium  atoms. 

3.  The  temperature  is  determined  from  the  spectral 
radiance  Ln,  in  the  maximum  of  the  self-reversed  Na 
818.4/819.5  nm  lines.  Following  Bartels  [2],  L^,  is  a 
sensitive  function  of  the  maximum  temperature 
along  the  line  of  sight; 

{T„i ) 

Cb  is  a  constant  and  taken  from  de  Groot  [3].  The 
maximum  temperature  can  be  derived  from  the 
radiance  via  the  Planck  function  B^. 

4.  Knowing  the  sodium  vapour  pressure,  the 
temperature  can  also  be  derived  from  the 
recombination  radiation  below  408  nm.  The  emission 
coefficient  for  this  radiation  can  be  calculated  as  a 
function  of  the  temperature; 

kT 

-  absorption  coefficient  per  atom,  ^  -  function 
according  to  [4]. 

4.  Results 

The  plasma  temperatures  of  the  sodium  discharges  are 
determined  from  the  ratio  of  different  Na  lines,  from 
the  absolute  line  intensities,  according  to  Bartels  and 
from  the  recombination  continuum. 

A  problem  concerning  the  temperature  determination 
from  the  ratio  of  two  lines  arises  for  the  alkalis  from 
their  low  excitation  energies.  For  the  temperature 
determination  one  needs  the  energy  difference  of  the 
upper  levels  of  the  involved  lines.  It  is  seen,  that  the 
better  the  accuracy  of  the  temperature  determination, 
the  larger  is  the  energy  difference  of  the  upper  levels  of 
the  two  lines.  But  with  differences  of  nearly  leV  for 
sodium  this  accuracy  is  limited. 

Best  temperature  values  are  reached  for  the  ratio  of  the 
Na  I  lines  615.4/616.1  to  466.5/466.9  nm  or 
615.4/616.1  to  497.9/498.3  nm.  The  problem  that  the 
Na  I  615.4/616.1  nm  are  situated  on  the  red  wing  of  the 
D-lines  was  solved  by  subtracting  the  background  and 
leads  only  to  small  additional  uncertainties.  But  only 
the  temperamre  values  for  the  centre  of  the  arc  are 
reliable  and  agree  quite  good  with  those  of  the  second 
method.  Outside  the  central  part  of  the  arc  small 
deviations  in  the  line  intensities  lead  to  large 
uncertainties  in  the  shape  of  the  temperature  curve.  The 
error  of  the  temperature  depends  on  the  energy 
difference  of  the  upper  levels  of  the  considered  lines. 
This  leads  to  an  error  of  15%  at  4000  K  for  the  ratio  of 
the  Na  I  615.4/616.1  to  497.9/498.3  nm  lines. 
Therefore  this  method  is  not  preferred  for  the 
determination  of  the  plasma  temperature. 


For  the  First  and  fourth  method  the  pressure  has  to  be 
determined.  Using  the  measured  wavelength  separation 
of  the  maxima  of  the  self-reversed  D-lines  the  pressure 
is  0.15  bar.  The  temperature  curves  for  the  lower 
currents  are  derived  from  the  absolute  intensities  of  the 
466.5/466.9  nm  and  also  the  497.9/498.3  nm  lines. 
Both  curves  agree  well  at  low  currents,  but  as 
mentioned  above  at  high  currents  the  Na  I  466.5/466.9 
nm  is  no  longer  optically  thin.  Therefore  the  lines  at 
497.9/498.3  nm  are  preferred. 

So,  the  temperatures  in  the  discharge  axis  are  between 
3000  and  7000  K.  Figure  2  shows  plasma  temperature 
curves  for  lower  currents  received  from  absolute  line 
intensities.  With  increasing  pulse  currents  there  is  also 
an  increase  in  the  temperatures  and  a  change  in  the 
shape  of  the  temperature  profiles. 

For  higher  discharge  currents  the  arc  is  more  extended 
to  the  wall  and  the  temperature  profiles  become  flatter. 
Because  of  their  higher  temperatures  and  their  flatter 
profiles  the  temperature  of  the  arcs  with  higher 
currents  could  be  determined  closer  to  the  wall. 
Temperatures  determined  by  the  third  method  agree 
well  with  the  first  method.  The  fourth  method  gives  a 
satisfactory  agreement  with  the  other  temperature 
profiles  for  higher  pulse  currents. 


Fig.  2;  Plasma  temperature  for  lower  currents  in 
dependence  on  the  reduced  radius  r/Ro. 

[1]  J.  J.  de  Groot  and  van  J.  A.  J.  M.  van  Vliet;  The 
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In  the  last  few  years  we  have  shown  the  strong 
coupling  existing  in  non-equilibrium  plasmas  between 
the  electron  energy  distribution  function  (eedf)  and  the 
concentrations  of  vibrationally  and  electronically  excited 
states.  These  studies  were  performed  for  both  discharge 
and  post-discharge  conditions.The  main  result  of  these 
researches  is  the  observation  of  structures  on  eedf  due  to 
second  kind  collisions  of  the  type 

N2*  +  e  — >  N2  +  e  (1) 

where  N2*  denotes  a  vibrationally  or  electronically 
excited  state  [1-2]. 

The  extension  of  these  ideas  to  expanding  arc  conditions 
has  never  been  examined,  bacause  it  is  generally 
believed  that  the  high  ionization  degrees  present  in 
these  conditions  are  sufficient  to  maxwellize  eedf 
through  electron-electron  coulomb  collisions.  Only 
recently  eedf  in  expanding  arc  conditions  has  been 
studied  [3].  The  role  of  second  kind  collisions  was  in 
effect  smoothed  by  electron-electron  and  electron-ion 
collisions  even  though  memory  of  second  kind 
collisions  was  present  in  the  enhancement  of  relevant 
rates.  In  this  paper  we  consider  N2  plasmas  for 
conditions  typically  met  in  arc  expanding  flows  [4]. 

We  solve  a  homogeneous  Boltzmann  equation  for  eedf 
written  in  the  form 

dni£,t)^dJgg  ^  dJgj 

dt  de  de  (2) 

+/n  +  Sup  +  Ion 


where  n(e,t)  is  the  number  density  of  electrons  at 
energy  £  and  time  t  and  the  different  terms  on  the  right 
hand  side  of  eq.l  represent  respectively  the  flux  of 
electrons  along  the  energy  axis  driven  by  elastic, 
electron-electron,  electron-ion,  inelastic,  superelastic 
and  ionization  collisions.  Explicit  terms  can  be  found 
elsewhere  [1-2].  The  inelastic  term  includes  the  most 
important  energy  losses  processes  such  as  vibration  and 
electronic  excitation  as  well  as  ionization  (treated  as  an 
inelastic  channel).  The  superelastic  terms  include  the 
following  processes 

N2(v=1-8)  +  e  — >  N2(v=0)  +  e 

N2(a32u+)  +  e  — >  N2(v=0)  +  e  (3) 

N2(B3ng)  +  e  — >  N2(v=0)  +  e 

Concentrations  of  vibrationally  and  electronically 
excited  states  as  well  as  the  ionization  degree  a  have 

been  considered  as  free  parameters.  In  particular  figure  1 
reports  three  different  eedf  calculated  according  to 
different  hypothesis.  Curve  1  is  obtained  by  considering 
concentrations  (mole  fraction)  of  electronically  excited 
molecules  in  equilibrium  at  Te=Tg=5000K,  while 
curves  2  and  3  have  been  obtained  by  considering 
concentrations  exceeding  the  equilibrium  values.  In  all 
the  reported  cases  the  vibrational  distribution  is  a 
Boltzmann  one  at  Tg=Tv.  We  can  see  that  the  presence 
of  non  equilibrium  concentrations  of  electronically 
excited  states  (curves  2  and  3)  strongly  enhances  the 
eedfs  tail  compared  to  the  equilibrium  case  (curvel). 
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The  ionization  degree  is  not  sufficient  to  completely 
thermalize  the  eedf. 

Figure  2  reports  eedf  for  other  conditions  :  in  particular 
we  are  considering  a  higher  translational  temperature  as 
well  as  higher  concentrations  of  excited  states.  Again 
the  effect  of  superelastic  electronic  collisions  is  well 
evident  in  the  tail  of  eedf. 

The  main  conclusion  of  the  present  paper  is  that  in  arc 
expanding  conditions  structured  eedf  s  can  persist  as  a 
result  of  second  kind  collisions.  This  structure  can 
enhance  by  several  orders  of  magnitude  some  relevant 
rates. 

The  present  results  must  be  considered  as  a  first  step 
toward  the  understanding  of  the  role  of  non-equilibrium 
eedf  under  quasi  quasi  equilibrium  conditions.  Future 
work  in  this  direction  should  couple  the  Boltzmann 
equation  for  eedf  with  the  kinetics  of  electronically 
excited  states  and  with  the  fluidynamics  to  make  more 
realistic  either  the  concentrations  of  excited  states  or  the 
conditions  of  the  problem. 
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Fig.l  Electron  energy  distribution  functions  versus 
energy  for  equilibrium  (curve  1)  and  non-equilibrium 
conditions  (curves  2-3)  in  the  post  discharge  regime 
(reduced  electric  field  E/N=0).  Conditions  are:  Tv  =  Tg 

=  5000  K,  a  =  2  10-5,  curve  (2):  N2(A)/N2  =  lO'^, 
N2(B,C)/N2  =  10-7,  curve  (3):  N2(A)/N2  =  lO-^, 
N2(B,C)/N2  =  10-5 


Fig.2  Electron  energy  distribution  functions  versus 
energy  for  equilibrium  (curve  1)  and  non-equilibrium 
conditions  (curves  2-3)  in  the  post  discharge  regime 
(reduced  electric  field  E/N=0).  Conditions  are:  Tv  =  Tg 

=  7000  K,  a  =  8  10-4,  curve  (2):  N2(A)/N2  =  lO'^, 
N2(B,C)/N2  =  10-5,  curve  (3):  N2(A)/N2  =  10-3, 
N2(B,C)/N2  =  10-4 
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Introduction. 

New  type  of  plasma  sources 
Thermionic  Vacuum  Arc  (TVA)  and  Anodic 
Vacuum  Arc  (AVA),  generating  pure  metal 
vapor  plasma  with  energetic  ions  content  have 
been  reported  in  [l]-[2].  This  type  of  plasma 
source  has  the  unique  quality  to  deposit  thin 
films  which  are  bombarded  during  their 
growing,  just  with  the  ions  of  the  depositing 
metal.  The  percentage  of  the  incident  ions  on 
the  substrate  (from  total  particles  )  depends  on 
the  arc  current  and  its  value  is  between  a  few 
percents  and  50%.  In  TVA  discharge,  directed 
energy  of  ions  can  easily  exceed  100  eV.  The 
aim  of  this  paper  is  to  present  on  which 
parameters  depends  this  energy  value  and  how 
it  can  be  controlled  in  order  to  be  able  to 
choose  in  advance  the  energy  of  the  ions 
bombarding  the  growing  high  purity  thin  film 
or  even  change  it  during  deposition. 

Experimental  results. 

TVA  structure  has  been  described 
before.  However,  for  the  clarity  we  are  giving 
in  Fig.l,  a  very  schematic  presentation, 
containing  also  the  working  parameters. 

I  whenell  cylinder 
i  \  cathode 


^-angular  relative  position  of  (Q  and  (A) 
d-distance  from  (C)  to  center  of  crucible 
heating  current  of  the  cathode  (Q 
Hg.  1  .Schematic  presentation  of  TVA 

This  arc  rurming  in  vacuum  conditions  is  self 
generating  the  "gas"  in  which  the  discharge 
takes  place.  Consequently  the  meanings  of 
breakdown  and  arc  voltage  drop  are  different 
from  those  currently  used.  Inde^,  for  ignition, 
the  applied  voltage  must  generate  in  vacuum 
conditions  the  metal  vapors  in  the 
interelectrodic  space.  As  concerning  the  arc 
voltage  drop  Ua,  the  anode  voltage  fall  must 
ensure  enough  energy  input  to  anode  to 
maintain  at  least  the  same  rate  of  evaporation 
of  atems  from  the  anode  as  it  was  at  the  TVA 
ignitimi.  Cathode  fall  must  ensure  for  each 


given  conditions,  the  needed  ionization  rate 
necessary  to  sustain  all  charge  losses.TVA 
works  in  high  vacuum  or  UHV  conditions.At 
the  application  of  a  high  voltage  across  anode 
and  heated  cathode,  due  to  the  electron 
bombardment,  the  anode  material  first  melts 
and  after  starts  to  boil,  ensuring  the  metal 
vapors  in  the  interelectrodic  space.  At  a 
convenient  value  of  the  applied  high  voltage  a 
bright  discharge  is  established  in  pure  metal 
vapors  and  a  sudden  increase  of  the  current  and 
decrease  of  the  voltage  across  electrodes  is 
observed.  This  metal  vapor  plasma  is 
continuously  expanding  away  from  its 
sourcc.We  measured  the  energy  of  ions  at 
250mm  away  from  the  plasma  source,  using  a 
retarding  probe  energy  analyzer.  The 
unexpected  high  value  of  the  energy  of  ions  is 
due  to  the  elevated  potential  of  the  metal  vapor 
plasma  at  the  source  against  the  grounded 
vacuum  vessel  wall .  Indeed,  because  cathode 
is  jgrotmded,  the  plasma  source  is  at  a  potential 
at  least  equal  with  cathode  fall  (in  its  new 
acceptance).  In  order  to  prove  this,  using 
derivative  of  the  probe  characteristics  taken  in 
various  points,  we  measured  from  the  shift  of 
these  characteristics  on  voltage  scale,  the 
change  of  the  potential  from  fdasma  source 
toward  the  wall.  In  Fig.2  is  shown  the 
obtained  result. 


fig.2.Potential  distribution  from  the  plasma 
source  to  the  wall. 

A  continuous  decrease  oS  the  potential  can  be 
observed, which  accelerate  the  expanding 
plasma  ions  in  their  way  from  the  source  to 
the  wall.  Now  we  can  establish  the  parameters 
and  the  means  to  control  the  enCTgy  of  ions 
assuming  that  the  energy  of  ions  are  directly 
related  to  the  cathode  potential  fall. 
Unfortunately,  this  parameter  can  not  be 
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monitored  easily.  A  parameter  which  can  be 
displayed  easily  and  continuously  is  the  arc 
vdtage  drop  Ua-  which  is  related  to  the  cathode 
fall  throu^  the  relation: 

U^=U(cathode.fall>f  A  U(i^asnia)+U(anode  fall) 
The  peculiarity  of  TVA  discharge  permits  to 
change  at  will  the  cathode  fall  value.  Indeed,  if 
the  supply  of  electrons  from  the  cathode  to  the 
anode  surface  is  worsened,  in  order  to  maintain 
the  same  arc  current,  a  higher  cathode  fall  is 
necessary  to  compensate  the  decrease  of  the 
flux  of  electrons.  In  this  way,  an  increase  of 
the  energy  of  ions  is  obtained.  Following 
means  can  be  used  to  increase  this  energy: 

-  decrease  of  the  cathode  beating  current  If 

-  increase  of  the  distance  d 

-  inoease  of  the  angle  4> 

-  increase  of  the  sample  distance  from  source 

-  decrease  the  arc  current 

The  same  means  can  be  used  to  decrease  the 
energy  of  ions. 

TTie  change  of  the  arc  voltage  drop  Ua 
with  the  change  of  the  cathode  heating  current 
is  shown  in  Fig.3  for  two  values  of  la  and  for 
<I>=60°.In  Fig.4  is  given  the  dependence  of  the 
measured  energy  of  ions  on  cathode  heating 
current  If  for  d>=85°.For  a  TVA  discharge  with 
arc  current  I^1.25A  and  <I>=60°  we  measured 
the  ratio  between  energy  of  ions  Ei  and  the  arc 
voltage  drop  Ua  for  various  Ua  values  obtained 
changing  If.  The  results  are  shown  in  Fig.5 
and  we  can  see,  that  for  a  large  variation  of  Ua 
values,  the  energy  of  ions  represents  pearly  the 
same  fractirm  from  Ua-  It  results  that  for  a 
given  arc  curroit  la  the  voltage  drop  Ua  can  be 
used  indeed  to  roughly  estimate  the  energy  of 
ions.  The  fraction  Ej/Ua  increase  with  the  arc 
current  value  toward  1. 

In  Fig. 6  is  shown  the  change  of  the  arc 
vdtage  drop  Ua  with  the  change  of  the  cathode 

arxxle  distance  for  d>=0°.  More  than  200V 
increase  appears  at  a  change  of  the  distance 
from  2.5  mm  to  4.7mm. 

We  measured  also  an  increase  of  the 
energy  of  ions  from  120eV  to  200  eV  at  a 
change  erf"  angle  «I>  from  60°  to  85°.(Ia=3A). 

The  increase  of  the  energy  of  ions  with 
the  distance  from  the  plasma  source  is  obvious 
if  we  consider  the  curve  given  in  Rg.2. 

The  vdt-ampere  characteristic  of  TVA  is  dose 
to  a  hyperbola  described  by  Uada=coost.  It 
results  that  arc  current  is  also  a  parameter 
which  gives  us  the  possibility  to  change  arc 
voltage  drop  and  consequently  to  control  the 
energy  of  ions.  This  can  be  done  only  at  low 
arc  currents.  At  high  arc  currents  of  the  order  of 
20-100A,  voltage  drop  is  small  and  nearly 
constant  (around  20  volts)  and  the.  energy  of 
ions  can  not  be  changed  too  much.  The 
difficulties  in  emtroUing  the  energy  of  ions 


are:  1.-  d  and  <I>  can  not  be  changed  easily 
during  deposition;  2.-lowering  of  the  cathode 
temperature  decrease  the  life-time  of  the 
cathode;  3. -at  low  arc  currents  the  deposition 
rate  decrease. 


E(i)(eV) 


^ — I - , — , — ^ — , — , — I 

100  150  200  250  U(arc) 


Rg.3.Arc  voltage  drop  dependence  on  cathode 
heating  current 

Fig.4. Dependence  of  the  energy  of  ions  on 
cathode  heating  current. 

Fig.5. Ions  energy  to  arc  voltage  drop  ratio 
versus  arc  voltage  drop  for  I^1.25A 
Hg.6.Displacement  of  arc  voltage  dropUa-arc- 
current  la  at  interelectrodic  distance  change. 
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Introduction 

In  recent  years,  thermal  plasma  processes  have 
been  proposed  and  used  for  the  destruction  of  hazardous 
wastes.  The  decomposion  of  toxic  wastes  (such 
medical  wastes)  is  of  growing  importance  in  connection 
with  environmental  pollution.  This  paper  presents  the 
first  results  obtained  in  the  study  of  a  DC  plasma  torch, 
with  the  object  of  the  construction  of  an  hazardous 
waste  treatment  facility  located  in  Mexico.  This  work  is 
a  collaboration  between  the  ININ  laboratory  (Mexico) 
for  the  experimental  part,  and  the  CPAT  (Toulouse 
University)  for  the  elaboration  and  the  perfecting  of  a 
theoretical  model  describing  the  behaviour  of  the  plasma 
torch  in  a  first  stage  and  the  furnace  in  a  second  stage. 

Experimental 

Experimental  set-up 

The  first  investigations  were  carried  out  with  a 
scale  model  of  cylindrical  furnace  (20  cm  diameter) 
running  in  argon  and  in  nitrogen  at  atmospheric 
pressure.  The  torch  is  a  classical  model  with  a  thoriated 
tungsten  cathode  and  an  anode  of  copper.  At  this  time, 
the  current  intensity  is  limited  to  200  A.  Our  results 
have  been  obtained  with  an  intensity  of  75  A.  The 
temperature  profiles  have  been  determined  using 
absolute  intensity  of  neutral  argon  lines,  and  assuming 
the  existence  of  local  thermodynamic  equilibrium.  Abel 
transformation  allowed  us  to  obtain  local  values  of  the 
line  intensities.  Calibration  was  performed  with  a 
tungsten  ribbon  lamp.  The  influence  of  gas  flow  rate  on 
the  temperatiue  of  Ar  plasma  and  Ar-N2  plasma  was 
studied  for  different  distances  from  the  nozzle  exit  z . 

Experimental  results 

The  figure  1  gives  the  variations  of  the  radial 
temperature  for  a  gas  flow  rate  of  34.5  1/mn 
(corresponding  to  1.026  g/s)  in  pure  argon  and  for  four 
values  of  the  distance  z  from  the  nozzle  exit.  With  a 
current  intensity  of  75A,  the  temperature  maximum  on 
the  axis  of  the  discharge  is  1 1400K  at  the  nozzle  exit 
(z=0). 


Other  experiments  with  a  gas  flow  rate  of  241/mn 
(corresponding  to  0.7g/s)  and  the  same  value  of  the 
current  intensity  have  been  realized. 


The  figure  2  presents  experimental  values  of  T(r)  for 
these  two  values  of  the  mass  flow  rate  D=34  and  24 
Nl/mn  and  two  distances  from  the  exit  z=0  and  z=4mm. 
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The  increase  of  gas  flow  rate  constricts  the  plasma  jet 
and  the  temperatures  far  from  the  axis  are  lower  with  an 
higher  value  of  the  mass  flow  rate.  At  the  nozzle  exit 
(z=0)  an  augmentation  of  the  mass  flow  rate  does  not 
lead  to  an  increase  of  the  axis  temperature. 

The  introduction  in  argon  of  a  weak  percentage  of 
nitrogen  modifies  the  values  of  temperature  and  arc 
voltage.  The  figure  3  gives  the  temperature  profiles  for 
three  values  of  z,  with  a  gas  mixtiu'e  composed  of  5% 
N2  and  95%  Ar  (I=75A). 


On  the  axis,  the  temperature  for  z=0  decreases  of  1800K 
in  comparison  with  pure  argon.  For  a  same  gas  flow 
rate,  the  decrease  in  T  along  a  radius  is  faster  with  the 
gas  mixture.  We  observed  a  clear  decrease  in  arc  voltage 
with  the  introduction  of  nitrogen  in  argon.  With  a  same 
current  intensity  this  effect  leads  to  a  decrease  of  the 
electric  power  injected  in  the  discharge  with  a 
repercussion  on  the  enthalpy  of  the  plasma. 

Modelling 

Assumptions  and  governing  equations 

The  governing  equations  are  written  in  an 
axisymmetric  system  of  coordinates  and  the  operation 
of  the  torch  is  assumed  to  be  in  steady  state  with 
negligible  gravity  effects.  The  plasma  is  assumed  to  be 
in  local  thermodynamic  equilibrium  (LTE)  and  the 
radiation  effects  are  considered  through  the  net 
emission  coefficient.  This  model  was  previously 
described  by  Bauchire  et  al  [1].  The  mathematical  2D 
model  is  limited  to  the  free  jet  region  and  uses  the 
SIMPLE  method  after  Patankar  [2].  So,  at  the  inlet 
(the  nozzle  exit)  the  temperature  and  the  axial 
component  of  the  velocity  are  given  by; 


where  uq  and  Tq  are  the  maximum  experimental  values 
of  the  axis  temperature  (at  the  exit).  T^  is  the  value  of 
the  temperature  on  the  edge  of  the  anode  (n=2).  So  for 
the  comparison  with  the  experimental  results,  we  only 
give  a  geometrical  parameter  :  the  nozzle  diameter  and 
the  values  of  Uo,  Tq  and  Tw.  On  figure  4  we  compare 
the  experimental  results  obtained  in  an  argon  plasma  at 
atmospheric  pressure.  The  inlet  gas  flow  rate  is  D=24 
Nl/mn  and  the  current  intensity  is  equal  to  75 A.  The 
temperature  values  are  given  along  the  axis  (r=0).  One 
can  observe  a  good  agreement  especially  in  the  hotter 
region  of  the  plasma  (z<lcm).  Other  results  on  the 
influence  of  Ar-N2  mixtures  and  on  the  influence  of  the 
mass  flow  rate  and  current  intensity  will  be  presented 
during  the  conference. 


Conclusion 

The  first  work  of  this  program  gave  good 
results,  particularly  on  the  agreement  between 
experiments  and  theoretical  results.  However, 
incineration  leads  to  production  of  dusts  and  ashes 
necessitating  the  presence  in  the  furnace  of  a  second 
torch  for  the  treatment  of  these  products.  The  realization 
of  this  furnace  and  the  adaptation  of  the  theoretical 
model  are  currently  luider  way. 
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Abstract:  The  plasma  near  the  cathode  tip  of  an  electric  arc,  shows  radial  dependence  of  its  physical 
equilibrium  state.  In  the  hot  core,  the  plasma  is  in  the  local  thermodynamic  equilibrium  (LTE)  state. 
Toward  outer  zones,  the  plasma  state  deviate  from  the  LTE  equilibrimn.  In  our  opinion,  it  is  caused  after 
all  by  the  Arl  ground  state  overpopulation.  Results  of  our  experiments  support  this  conclusion. 
Theoretical  estimations  of  the  Arl  ground  state  overpopulation  give  results  consistent  with  experiment. 
Calculations  show,  that  this  overpopulation  is  caused  by  inward  transport  of  ground  state  atoms  into  the 
plasma  column. 


I-  Introduction 

For  last  few  years,  the  near  cathode  zone  of  an 
electric  arc  has  been  intensively  studied.  It  has  been 
observed  in  several  experiments,  that  the  off  axis 
maximum  value  of  the  neutral  atom  line  total  intensity, 
depends  on  the  distance  from  the  cathode  [e.g.,  in  argon 
arc:  1, 2,  3, 4,  5,  6,  7,  and  in  nitrogen  arc;  8,  9]. 

In  our  previous  publication  [2,  3,  7],  we  presented 
results  of  spectroscopic  diagnostic  performed  for  an 
argon  arc  plasma  burned  at  atmospheric  pressure  with 
the  arc  current  of  200A  where  these  phenomena  were 
observed. 

Formally  two  reasons  are  possible  to  explain  this 
phenomena:  the  plasma  equilibrium  state  depends  on 
the  distance  from  the  cathode  or  pressure  gradients  exist 
in  this  plasma  zone.  To  find  an  answer  on  the  question 
which  mechanism  plays  dominant  role  in  phenomenon 
described  above,  we  performed  plasma  model 
calculations. 

II-  Experimental  results 

Several  slices  at  the  distance  h  from  the  cathode  of 
the  electric  arc  have  been  spectroscopicaly  investigated. 
Plasma  was  observed  side-on,  argon  line  profiles  and 
continuous  emission  have  been  measured  at  various 
chordal  positions  to  perform  Abel’s  inversion.  Plasma 
diagnostic  has  been  performed  using  various  methods 
applied  to  Arl,  Aril  and  Arlll  lines.  From  our  extended 
analysis  [7],  one  can  conclude  that: 

-  there  is  good  agreement  between  the  temperatures 
determined  from  the  Boltzmann  plot  and  Larenz- 
Fowler-Milne  (L-F-M)  method  applied  to  480.6nm 
Aril  line,  but  not  with  temperature  derived  from  the 
L-F-M  method  applied  to  the  696.5nm  Arl  line. 

-  population  distribution  of  Aril  excited  levels  was  in 
the  Boltzmann-Saha  equilibrium  for  7>18000K. 

-  very  close  to  the  cathode  surface,  the  plasma 
temperature  reach  ~29500K.  This  temperature  is 
higher  than  obtained  from  isotherms  maps 
calculated  in  the  frame  of  magneto-hydrodynamic 
models,  for  similar  plasmas. 

-  there  is  good  agreement  between  the  radial  free 


electron  density  distribution,  obtained  from  the  Stark 
width  of  the  397.9nm  Aril  line,  and  that  calculated 
from  the  LTE  equation  set  (with  temperature  derived 
from  the  Boltzmann  plot).  This  is  a  supplementary 
proof  of  existence  of  the  Boltzmaim-Saha 
equilibrium  in  the  Aril  levels  population  for 
7>18000K 

-  Continuum  radiation  for  the  temperatures  below 
~16000K  deviate  from  the  LTE  isobar  in  the  Olsen- 
Richter  (O-R)  graph,  in  the  same  manner  as 
experimental  data  for  Arl-Arll  lines.  Disagreement 
observed  for  temperatures  above  ~19000K,  seems  to 
be  a  result  of  underestimation  of  the  Bibermaim  ^ 
factor  for  Arlll  recombination  radiation  (the 
contribution  of  Arlll  ions  to  continuum  radiation 
intensity  is  as  important  as  Aril  ions  contribution  - 
See  [7]  and  [10]).  This  hypothesis  is  supported  by 
good  agreement  between  electron  density  derived 
from  the  Aril  lines  intensity  ratio  measurement  (the 
Boltzmann  plot)  and  electron  density  obtained  from 
line  broadening  measurements. 

The  arc  plasma  near  the  cathode  tip  shows  radial 
dependence  of  the  physical  equilibrium  state.  In  the  hot 
core  (7>  17000),  close  to  the  arc  axis,  the  plasma  is  in 
the  LTE  state.  In  the  outer  zones,  the  plasma  state 
deviate  from  the  LTE  state  at  /7=latm. 

For  plasma  column  layers  (slices)  closer  to  the 
cathode  tip,  deviation  from  the  LTE  state  begins  at 
smaller  distance  from  the  axis  and  for  higher 
temperature,  even  if  the  electron  density  is  greater  than 
1.5xl0^^m'^.  Deviation  from  the  LTE  state  for  j9=latm 
decreases  with  the  distance  from  the  cathode  and 
practically  vanishes  for  /7>3mm. 

Ill-  Model  calculations 

A  deviation  from  the  LTE  state  may  be  described 
only  in  a  frame  of  the  collisional-radiative  model.  One 
has  to  solve  the  equation  set  describing  populations  of 
neutral  argon  states,  up  to  the  ionisation  limit  lowered 
by  interaction  of  atoms  with  the  plasma.  In  the  case  of 
the  argon  plasma  at  atmospheric  pressure,  the  transport 
of  radiation  may  be  described  locally,  using  so  called 
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escape  coefficients.  Furthermore,  real  population 
density  rig  of  atoms  in  the  q  state  is  written  in  the  form 
where  5,  describe  overpopulation  of  the  q 
state,  and  is  the  density  in  the  atomic  q  state  when 
the  Saha  equilibrium  exists  between  the  q  and  ionic 
ground  state.  We  also  introduce  a  transport  term  Wg. 

To  estimate  the  overpopulation,  we  assumed, 
according  Rosado  [11],  that  the  argon  energy  levels 
system  can  be  represented  by  four  effective  levels,  the 
first  one  (g'=l)  being  the  Arl  ground  level. 

To  estimate  the  influence  of  the  ground  state  atoms 
inward  transport  on  the  overpopulation  coefficients  S, 
we  have  calculated  them  for  different  plasma 
temperatures  T,  for  various  values  of  transport  term  Wg. 
Velocity  and  temperature  distribution  values  for  the 
estimations  of  Wg  were  taken  after  Lowke  [12].  Atom 
density  distributions  were  calculated  for  these 
temperatures,  with  overpopulation  factors  Included. 
Then,  overpopulation  factors  for  excited  states  (^>1) 
remain  negligible  in  comparison  to  S/  for  Wg  as  high  as 
10*-10V’.  Furthermore,  Influence  of  the  transport  of 
atoms  in  excited  states  is  negligibly  small.  The 
dominant  effect  is  the  Arl  ground  state  overpopulation, 
due  to  the  ground  state  atoms  transport  term  W,,  which 
stays  several  order  of  magnitude  higher  than  that 
created  by  ambipolar  diffusion. 
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Figure  1:  O-R  for  various  physical  plasma  states 
Plasma  layers  [in  mm]:  V  0.085,  0,51,  o  1.1,  A2,l,0  4.5 
•  temperature  marks  with  2000  K  increment; 

- LTE  isobars  for  p=0.6  to  1.2atm  [step;  0.2atm]; 

—  PLTE  isobars  at p=latm  with  overpopulation  factor  8; 
for  Arl  ground  state  equal  to  1.0,  2.0  and  3.0  [up  to  down] 

In  the  experimental  O-R  graph  [Cf  Fig.l],  one  may 
see,  that  departure  from  the  equilibrium  state  exists  in 
external  plasma  zones,  for  temperatures  smaller  than 
17000K.  One  may  also  see  that  the  overpopulation  5/ 
qualitatively  explains  the  behaviour  of  Arl  lines. 

We  have  calculated  Wj  and  5i  for  some  points  of  the 
plasma  temperature  and  velocity  distribution 
determined  by  Lowke  [12].  Then,  for  example,  for 
/j=0.1mm  and  r=15000K,  we  obtained'^/  values  as 
high  as  -Sxio’s'',  which  produce  the  ground  state 


overpopulation  This  value  „locates”  the 

corresponding  point  in  the  O-R  diagram  on  the  LTE 
isobar  p=0.5atm  and  gives  electron  density  42%  lower 
than  the  LTE  value. 

More  detailed  comparison  of  the  theoretical 
estimation  can  be  made.  Particularly,  the  overpopulation 
8j  for  the  isoterm  7'=15000K  (determined  for  each  slice 
using  O-R  graph  for  Arl-Arll  pair)  can  be  traced  as  a 
function  of  the  distance  from  the  cathode  tip.  Then, 
although  overpopulation  5;  seems  underestimated  in  the 
model,  it  qualitatively  explains  the  behaviour  of  neutral 
argon  lines.  Differences  between  measurements  and  the 
model  could  be  attributed  to  following  reasons: 
simplification  in  the  magneto-hydrodynamical  model 
(based  on  invalid  LTE  hypothesis),  uncertainties  in  rate 
coefficient  in  collisional-radiative  model... 

IV-  Conclusion 

Deviation  from  the  LTE  state  for  p=latm  can  be 
caused  by  an  overpopulation  of  the  Arl  ground  state, 
that  may  be  quite  high.  The  dominating  impact  on  the 
Arl  ground  state  overpopulation  is  the  inward  transport 
of  the  ground  state  atoms. 

However,  it  must  be  pointed  out,  that  from 
experimental  results  of  emission  spectroscopy,  it  is  not 
possible  to  decide  which  mechanism  plays  dominate 
role  in  this  phenomenon:  it  is  worth  to  notice,  that 
formally,  an  assumption  concerning  existence  of  the 
pressure  lowering  in  the  plasma,  permits  also  to  obtain 
consistent  results  from  different  diagnostic  methods  in  a 
mathematically  simpler  way  [2,  3]. 

In  the  actual  situation,  works  which  would  join  the 
magneto-hydrodynamic  and  collisional-radiative 
models  should  be  undertaken.  Such  a  model  should  be 
made  for  Aril,  but  for  this  many  cross  sections 
concerning  Aril  should  be  measured  or  calculated. 

We  thanks  Prof.  Lowke  for  sending  us  results  of  his 
model  calculations. 
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1.  Introduction 

Three  phase  AC  plasma  technologies  are  particularly 
suitable  for  high  power  &  large  volume  plasma 
systems. 

This  study  makes  part  of  the  characterisation  of  a 
plasma  reactor  for  carbon  black  production  located  in 
Odeillo,  France  [1][2][3]. 

The  knowledge  of  temperature  and  velocity  fields  is  of 
main  importance  for  an  efficient  control  of  the  process. 
Due  to  their  specific  geometry,  three  phase  AC  plasma 
technologies  are  characterised  by  a  mutual 
electromagnetic  influence  of  the  arcs  and  consequently 
by  a  very  typical  arc  motion  which  governs  the  general 
hydrodynamic  flow. 

A  simplified  model  of  the  electromagnetic  forces  taking 
place  on  the  arcs  is  proposed.  This  model  proves  to  be 
in  good  agreement  with  high-speed  cine-camera  films. 
In  order  to  take  into  account  the  evaluated  Lorentz 
forces,  the  boundary  condition  of  the  plasma  inlet 
velocity  has  been  modified  in  an  hydrodynamic  model 
of  the  reactor.  With  this  condition,  the  results  of  the 
numerical  simulation  are  in  good  agreement  with 
calorimetric  measurements  and  surface  wall 
temperatures. 

2.  Evaluation  of  the  Lorentz  forces 

The  objective  of  this  evaluation  is  to  develop  a 
simplified  approach  allowing  to  take  into  account  the 
electromagnetic  forces  on  the  flow  in  the  reactor 
without  solving  the  3D  time-dependent  magneto¬ 
hydrodynamic  equations  which  would  be  extremely 
high  computer  time  consuming. 

2.1.  Nature  of  the  arcs 

From  an  hydrodynamic  point  of  view,  an  arc  can  have 
two  different  behaviors.  It  can  be  penetrated  by  a 
transversal  flow  or  it  can  behave  almost  like  a  moving 
solid  body  [4].  The  transition  between  these  two 
behaviours  corresponds  to  the  transition  of  the 
parameter  P,  ratio  between  the  magnetic  and  the 
viscous  forces.  Using  visual  evaluations  of  the 
geometric  characteristics  of  the  arcs,  P  proves  to  be 


large  enough  in  our  reactor  so  that  arcs  can  be 

approximated  as  moving  conducting  solid  bodies. 

2.2.  Hypothesis 

Here  are  the  main  hypothesis  used  in  our  calculation  : 

•  the  currents  in  the  three  electrodes  are  sinusoidal 
with  a  phase  shift  of  120°,  which  is  in  good 
agreement  with  our  oscilloscopic  measurements, 

•  the  arcs  are  linear  and  stay  on  the  electrodes'  axis  as 
in  Figure  1. 


Figure  1  :  Simplified  geometry  of  the  arcs  used  for  the 
calculation  of  the  induced  Lorentz  forces  in  the 
reference  (0;i  j,k) 

2.3.  Calculation  of  the  magnetic  force 

According  to  the  previous  hypothesis,  the  instantaneous 
current  i„  in  the  arc  from  electrode  n{ne  {l;2;3} )  is  : 

*n(0=/cos^<»f-(n-l)-^j 

where  I  is  the  maximum  current  and  co  is  the  pulsation 
of  the  current. 
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Using  the  classical  formulas  for  the  magnetic  field 
induced  by  a  linear  shape  circuit,  the  Lorentz  force 
induced  by  the  arcs  and  the  electrodes  at  a  point  of 
the  arc  n  is  given  by  : 


In  the  nitrogen  case,  the  arc  movements  are  much  more 
erratic  and  the  interpretation  is  not  completed  yet. 

3.  Hydrodynamic  model 


(2) 
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where,  a  :  angle  between  an  electrode  and  the  axis  of 
the  reactor, 

Po  :  magnetic  permeability  of  vacuum, 
p  :  curvilinear  abscissa  of  along  the  electrode  n,  p=0 
in  O. 

Rare ;  radius  of  the  arc 


This  force  is  centrifugal  with  a  2co  pulsation  and  is 
maximum  in  the  vicinity  of  point  O. 

This  result  is  relevant  with  a  similar  calculation  on  a 
slightly  different  geometry  used  in  electrometallurgy 
[5], 

2.4.  Comparisons  with  experiments 

Several  high-speed  cine-camera  films  (7000  FPS)  have 
been  made  of  the  arc  zone  from  the  opened  bottom  of 
the  reactor.  Argon  and  nitrogen  were  used  as  plasma 
gas. 

In  the  argon  case,  the  simplified  theory  gives  a  good 
approximation  of  the  forces  applying  on  the  arcs.  The 
force  given  in  (2)  tends  to  blow  the  arcs  outward  as 
seen  on  the  pictures.  All  sequences  of  pictures  show  arc 
shapes  in  agreement  with  the  evolution  of  forces  on 
each  arc  as  illustrated  on  Figure  2. 


Figure  2.  :  Distribution  of  currents  at  electrodes  and 
resulting  Lorentz  forces  (left)  with  the  corresponding 
picture  fi-om  the  high-speed  cine-camera  film  (right). 


The  main  characteristics  of  the  hydrodynamic  model  of 
the  reactor  are  given  elsewhere  [1][2].  In  order  to  take 
into  account  the  influence  of  the  Lorentz  force  which 
cannot  be  neglected  in  the  arc  zone,  the  inlet  velocity 
boundary  condition  of  plasma  gas  has  been  changed. 
This  kind  of  inodification  had  already  been  suggested 
for  three-phase  AC  metallurgical  furnaces  [6]. 

The  best  results  of  our  computational  laminar  model 
were  obtained  with  a  45°  angle  between  the  plasma  gas 
velocity  direction  and  the  vertical  axis,  outwards.  The 
distribution  of  calorimetric  loss  measured  from  the 
cooling  system  was  less  than  5%  different  in  each  part, 
compared  with  the  numerical  results.  The  wall 
temperature  deduced  from  pyrometric  measurements 
were  also  in  good  agreement. 

4.  Conclusions 

A  simplified  theory  to  estimate  the  induced  Lorentz 
forces  in  a  three-phase  AC  reactor  proved  to  be  in  good 
agreement  with  high-speed  cine-eamera  pictures.  In 
order  to  include  the  influence  of  these  forces  on  the 
hydrodynamic  flow,  the  plasma  gas  inlet  velocity  has 
been  modified  and  the  results  of  the  simulation  were  in 
good  agreement  with  experimental  measurements. 
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l.Introduction 

Among  the  numerous  processes  allowing  the 
production  of  fullerenes,  the  process  based  on  the 
electric  arc  actually  seems  the  most  efficient  technique 
for  the  quantitative  production  of  this  molecule  /1//2/. 
By  this  technique  the  carbon  vaporisation  is  obtained  by 
erosion  of  the  graphite  anode  and  the  produced 
fullerenes  are  mixed  with  soots  which  setteled  on  the 
cooled  wall.  In  order  to  optimize  this  process  hy 
correlating  the  arc  properties  with  fullerenes  formation, 
it  ai^jears  in  a  first  time  essential  to  choose  arcing 
conditions  allowing  reliable  spectroscopic 

measurements. 

2.Experimental  set  up 

The  arc  chamber,  a  hollow  cylinder  of  30  cm  diameter 
and  1  m  height  is  presented  in  figure  1.  It  has  two 
windows  to  observe  the  arc.  The  two  graphite 
electrodes  of  6  mm  diameter  are  located  vertically  in 
the  centre  of  the  arc  chamber.  The  anode  is  in.the  upper 
position.  Modification  of  the  distance  between  the  two 
electrodes  and  striking  of  the  arc  by  contact  was  made 
possible  fiom  outside  the  chamber  by  means  of  a  system 
allowing  independent  moving  of  the  electrodes. 
Furthermore  it  is  essential  to  control  and  maintain  the 
gap  length  constant  during  the  experiment.  For  that 
purpose,  the  image  of  the  arc  was  projected  on  a 
photodiodes  array  coupled  with  a  P.C.  type  micro¬ 
computer  which  drives  the  adjustement  of  the  anode 
and  cathode  positions  by  independent  motors. 

The  light  emitted  by  the  plasma  was  focused  onto  the 
entrance  slit  of  a  monochromator  with  a  focal  length  of 
Im  and  1200  grooves/mm  grating.  On  the  outlet  focal 
plane  was  placed  a  CCD  array  allowing  analysis  of 
plasma  radiation.  Radial  exploration  of  the  arc  was 
made  possible  by  means  of  a  mirror  enabling 
displacement  in  two  directions.  The  whole 
spectroscopic  analysis  set  up  was  driven  by  a  PC  micro 
computer.  Electrical  power  was  su|^lied  by  three  DC 
sources  of  lOOV  and  lOOA  each.  Our  working 
conditions  were:  80A  current  intensity,  1mm  and  4mm 
arc  lengths  and  helium  ambient  gas  at  pressure  of 
13kPa. 


Figure  l!  Block  dJaen>mofti>*"peTiaMatal  set  np 

3.Methods 

Two  emission  spectroscopic  methods  based  on  the 
Swan  band  recording  and  assuming  local 
thermorfynamic  equilibrium  (  L.T.E. )  were  carried  out 
to  determine  the  plasma  temperature.  The  first  one  is 
based  on  the  comparison  of  the  experimental  and  the 
simulated  Swan  C2(0,0)  rotational  system  spectra  band 
as  developed  Budo  131.  The  second  one,  in  the  region 
where  the  temperature  is  greater  than  4500K,  we  have 
applied  the  Fowler-Milne  method  to  the  C2  Swan  band 
Indeed  if  the  plasma  is  in  LTE,  the  variation  of  the 
total  intensity  of  a  molecular  band  with  temperature,  at 
constant  pressure,  always  presents  a  peak.  The  position 
of  the  pe^  constant  for  a  pure  gas  or  a  given  mixture 
of  gaw:  allows  the  isotherm  (T=Tm)  characteristic  of 
the  band  in  question  to  be  deduced  In  order  for  this 
technique  to  be  applicable,  the  axis  temperature  must 
be  greater  than  Tm:  in  the  case  of  the  Swan  band 
studed  in  He-C  plasma  mixtures,  this  implies 
temperatures  greater  than  4500K.  Moreover,  the  use  of 
this  method  presents  the  advantage  of  obviating  the 
requirement  for  calibration,  in  absolute  values  of  the 
Swan  band  intensity. 

Multiple  measurements  of  the  radial  profiles  of  the  arc 
were  made  under  identical  conditions.  Stalisticai 
processing  of  the  results  was  performed  to  increase 
their  accuracy. 

4.Results 

The  temperature  profiles  were  strongly  dqiendent  on 
the  experimental  conditions  and  eqiecially  on  the 
anode  erosion  rate.  In  figure  2  we  report  the  recorded 
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anode  and  cathode  displacement  velocities  during 
experimental  acquisition  time.  One  can  mention  that 
about  30%  of  the  vaporized  carbon  due  to  the  anode 
erosion  deposit  on  the  cathode  surface,  that  explains  the 
displacement  in  the  same  direction  of  the  two 
electrodes  as  shown  in  figure  2.  Different  phases 
relative  to  the  erosion  of  the  anode  were  observed 
experimentally.  Immediately  after  the  arc  is 
established,  one  can  notice  the  existence  of  a  phase 
which  lasts  about  8  minutes  corresponding  to  a  strong 
and  relative  uniform  erosion  of  the  anode  and  thus  an 
important  carbon  vapour  emission.  The  measured  mean 
values  of  the  anode  erosion  rate  during  this  first  phase 
are  about  0.45g/mn  and  0. 15g/mn  respectively  for  Imm 
and  4nun  arc  lengths  as  shown  in  figure  3.  The  durable 
stability  of  the  discharge  relative  to  this  first  phase 
allowed  us  to  develop  emission  spectroscopy  methods. 
We  have  reported  in  figure  4  the  temperature  profiles  at 
different  positions  z  from  the  anode  and  for  1mm  and 
4imn  electrodes  gap.  At  z=0.5nun  and  1mm  fiom  the 
aiKxje  and  for  4mm  arc  length,  both  methods  were 
used ;  the  two  series  of  results  relative  to  these  cases 
gave  a  satisfectory  agreement.  The  maximum  value  of 
the  temperature  on  the  axis  does  not  exceed  5500K  that 
confirms  the  cathode  state  slightly  damaged  during  arc 
operating. 


FlgnreZ:  Electrodes  velocities  for 80A  *rc  current 


FlCTrc3:  Anode  erosion  rate  for  two  Tckitths  and  80A 
cinTuit  hatensity. 


R(nHn) 


Flgnred :  Temperature  profiles. 


5. Conclusion 

The  main  difficulty  in  this  study  is  the  very  fast 
evolution  of  the  anode  erosion.  Thus,  it  was  essential  to 
perfect  an  experimental  set  up  allowing  to  perform 
reliable  spectroscopy  measurements  with  a  typical 
fuUerenes  reactor.  The  obtained  experimental  results 
concerning  the  plasma  characteristics  were  consistent. 
The  results  we  have  obtained  recently  relative  to  the 
plasma  temperature  measurements  by  using  the 
absolute  intensities  of  the  247. 8nm  and  909. 4mn  Cl 
neutral  carbon  lines  seem  to  indicate  an  e.xistence  of 
departures  from  LTE.  We  intend  in  one  hand  to 
confirm  these  results  and  in  the  other  hand  to  work 
with  higher  current  intensities  since  the  production  of 
fuUerenes  was  relatively  weak  (about  5%).  Moreover, 
measurements  of  carbon  concentrations  fields  will  be 
the  goal  of  the  future  work. 
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Introduction: 

Application  of  plasma  discharges  operated  at  higher 
frequencies  is  of  increasing  interest  for  a  number  of 
plasma  arrangements  and  procedures.  It  is  beneficial  to 
use  advanced  power  electronics  for  discharge  feeding 
utilizing  dynamic  current  stabilization  on  IGBT  basis. 
This  allows  to  keep  the  commutation  phases  in  the  area 
of  zero  current  much  shorter  than  at  sinusoidal  ciurent  of 
medium  fi^uency  discharge.  Therefore,  the  impact  of 
the  de-ionization  time  behaviour  of  the  arc  plasma  on 
commutation  will  be  reduced,  thus  allowing  the  operation 
of  a  stable  electric  arc  even  in  plasma  torches,  subjected 
to  a  gas  flow,  without  additio^  reignition  aids.  This 
paper  describes  some  results  obtained  with  regard  to  the 
impact  of  electric  and  plasma-technological  parameters 
on  the  stability  and  changed  performance  parameters  of 
the  electric  arc. 

Methods: 

Free  burning  electric  arcs  and  plasma  arcs  in  a  plasma 
torch  are  fed  by  a  current  source  with  downstream 
inverter  circuit  whose  control  frequency  is  variable 
between  2  and  27  kHz.  Commutation  time  is 
approximately  2ps.  Current  rise  velocities  of  150A/ps 
are  obtained.  Fig.  1  shows  the  curve  of  the  instantaneous 
value  of  current  and  voltage  at  the  electric  arc.  Fig.  2 
shows  the  arc  power  and  di/dt  values  of  the  arc  current. 


t/8 

Fig.  1;  Arc  voltage  Ufc(t)  and  current  ib(t)  of  a  free 
burning  arc  under  Ar  (distance  of  electrodes  dEi=5cm, 
electrodes  of  graphite,  Im.=130A) 

The  parameters  were  obtained  by  minimizing  parasitic 
impe^ces  and  a  specific  inverter  control.  The  power 
p(t)  (Fig.  2)  and  the  (fynamic  arc  resistance  rb(t)  (Fig.  3) 
have  been  computationally  corrected  for  the  impact  of  a 
parasitic  residual  inductance  of  ^j^roximately  0.17pH 


-D.  Musikowski 

Power  pulses  which  are  clearly  to  be  recognized  are  due 
to  the  characteristics  of  the  power  electronic  circuit 
rather  than  any  changed  arc  discharge  behaviour  in  the 
vicinity  of  zero  current  (see  rb(t)  in  Fig.  3). 


0,0  30.0)1  60,0)1  90,0)1  120,0)1 

Hs] 


Fig.  2:  Arc  power  p(t)  and  current  rise  velocity 
di/dt(t)  of  an  arc  according  to  Fig.  1 

Comparative  studies  of  the  operational  behaviour  of  an 
arc  torch  for  free-burning  a^  and  a  plasma  torch  set-up 


Fig.  3:  Arc  impedance  z(t)  und  arc  resistance  rb(t)  in 
the  vicinity  of  zero  current  Fig.  1 

subjected  to  a  gas  flow  (rod-shaped  cathode  rKx  =  2.5mm, 
hollow  anode  Cu  rA  =  6  mm,  U  =  62mm)  aim  to  clearly 
show  different  properties  and  behaviours. 

Results: 

As  expected,  the  investigations  made  on  the  fice-buming 
arc  under  various  inert  gases  (Ar,  N2;  H2)  with  10  to  50 
mm  spacing  between  graphite  electrodes  show  a  tendency 
of  the  r.m.s.  values  of  the  arc  voltage  imder  Ar  to 
increase  with  increasing  frequency  (Fig.  4).  This 
tendency  was  not  found  for  molecular  gases.  Based  on  a 
comparative  calculation  on  the  basis  of  common  electric 
conductances  for  argon  arcs  at  the  applied  operating 
fiequencies  of  up  to  23  kHz  and  relevant  harmonics  (5th 
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harmonic  still  involved  with  20%  of  the  fundamental 
wave),  the  skin  effect  is  not  the  main  reason  for  the 
increase  in  the  r.m.s.  value  of  the  arc  voltage. 


Fig.  4:  Arc  voltage  dependence  on  frequency 

(Ar;  4001/h;  Ibra„=130  A;  parameter  spacing  between 

electrodes) 


tendency  to  reignition  delays  depending  on  polarity  and 
gas  flow  rate. 


Fig.  6:  Amount  absolute  of  arc  voltage  of  a  m.f.- 
plasma  arc  under  Nj 


Considerable  scattering  of  the  values  is  primarily  due  to 
the  much  higher  mobility  of  m.f  arcs  compared  with  d.c. 
arcs.  However,  as  the  actual  arc  length  cannot  be 
quantified  it  does  not  make  much  sense  to  derive  from 
diese  results  a  field  strength  characteristic. 


The  changed  operating  properties  of  m.f.  arcs  can  be 
more  clearly  demonstrated  in  operating  the  plasma  torch 
than  the  firee-buming  torch. 


Fig.  S:  Voltage  characteristic  of  a  plasma  torch  (rod¬ 
shaped  tungsten  electrode  rw=2,5  mm;  copper  hollow 
electrode  ra.=3  nun;  lcu=53  nun)  1);  2)  dc-current;  3)  mf- 
current 

With  all  the  other  conditions  comparable,  the  supply 
voltage  of  the  arc  when  using  alter-nating  ciurent  of 
medium  fi'equency  (r.m.s.  values)  is  considerably  higher 
than  when  using  direct  current  (arithmetic  mean),  (Fig. 
5).  This  cannot  be  substantiated  by  the  polarity  effect  on 
tungsten  and  copper  electrodes  alone  (ciuves  1)  and  2)). 
Caused  by  the  temporary  lack  of  the  magnetic  pinch 
during  the  conunutation  process  the  arc  motion 
behaviour  in  the  area  of  the  hollow  electrode  is  clearly 
pronounced  even  at  small  gas  flow  rates.  This  occurred 
in  all  gases  subjected  to  investigation  and  it  was 
particularly  obvious  in  the  case  of  nitrogen  (Fig.  6).  The 
control  fi'equency  was  several  times  higher  tlm  the 
shunting  fitx]uency  thus  allowing  an  existing  root  of  the 
arc  to  detach  in  current-free  phases. 

An  analysis  of  the  instantaneous  value  behaviour  of  a 
reduced  current  plasma  arc  under  Ar  (Fig.  7)  shows  a 


am»=90  A;  Un„=42  V;  F  n2  =180  Iffi) 

These  delays  may  disturb  stationary  operation  (zone  A). 
They  are  caused  by  effects  in  the  vicinity  of  the 
electrodes.  This  behaviour  may  be  reduced  by  changing 
the  available  supply  voltage. 

10 

U[V] 

so 


0 


-so 


20m  30ti  t  [s]  40tJ 

Fig.  7:  Reignition  behavior  of  a  reduced  current 
plasma  arc  during  the  positive  potential  on  the 
tungsten  rod-shaped  electrode 

an»=60  A;  FAr=4001/h) 

Conclusions: 

Electric  arcs  and  plasma  arcs  subjected  to  a  gas  flow  can 
be  operated  at  m.f  power  supply.  Caused  by  the 
commutation  process,  short-time  current  interruptions 
occur  between  half  periods.  Compared  with  d.c. 
operation,  this  approach  allows  to  obtain  beneficial 
changes  in  operational  performance. 

Even  at  low  gas  flows  rates,  improved  mobility  of  the 
discharge  channel  results  in  a  more  intensive  motion 
behaviour  of  the  root  of  the  arc  in  hollow  electrodes  and  a 
tendency  to  better  arc  performances.  Compared  with  d.c. 
operation,  the  considerable  polarity  effect  and  reignition 
delays,  occurring  at  arc  root  areas  subjected  to  a  gas  flow, 
point  to  the  necessity  of  modiJfying  the  plasmatron 
design. 
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1.  Introduction 

For  the  first  time  RF  excited  Cu  ion  laser  was  reported 
by  Mikhalevskii  et  al.  who  obtained  lasing  at  pulsed 
mode  of  excitation  (100  ps,  1  kHz)  on  three  Cu  ion 
lines  in  a  transverse  He-Cu^  discharge  [1].  The  copper 
atoms  in  the  discharge  were  produced  by  RF  sputtering 
of  the  internal  copper  electrode  at  excitation  RF  power 
of  2  kW  (100  W/cm).  Such  high  power  was  necessary 
mainly  to  produce  the  required  copper  atom  density  in 
the  discharge. 

An  alternative  method  for  producing  fi-ee  copper  atoms 
is  to  seed  the  discharge  with  a  copper  halide.  The  use  of 
volatile  metal  compounds  as  a  source  of  metal  vapor 
was  successfully  applied  in  the  case  of  the  CuBr  atomic 
laser  [2].  Later  CW  oscillation  on  Cu  ion  transitions  in  a 
hollow  cathode  (HC)  discharge  seeded  with  different 
copper  halides  was  demonstrated  [3].  Using  copper 
halides  instead  of  the  elemental  copper  reduced  the 
threshold  current  for  lasing  by  a  factor  bf  2-r3  over 
those  obtained  for  the  sputtering  HC  discharge  Cu*  laser 
[4]. 

We  applied  the  same  technique  to  develop  a  RF-excited 
Cu*  laser,  using  CuBr  as  a  source  of  Cu  atoms.  The  aim 
of  the  reported  investigations  was  to  study  the 
possibilities  for  Cu*  lines  excitation  in  a  RF-exclted 
He(Ne)-CuBr  discharge  and  to  obtain  laser  oscillation  at 
a  lower  input  power  than  in  the  case  of  the  sputtering 
RF-excited  Cu*  laser  [1].  The  emission  spectra  of  He- 
CuBr  and  Ne-CuBr  discharges  were  investigated.  Laser 
oscillation  on  Cu*  transition  in  the  near  IR  spectral 
region  was  obtained  in  He-CuBr  discharge  at  pulsed  and 
CW  RF  excitation.  Laser  gain  on  UV  Cu*  lines  was 
observed  in  Ne-CuBr  discharge. 

2.  Spectroscopic  study 

To  determine  the  discharge  conditions  at  which  efficient 
excitation  of  the  Cu*  lines  is  attained  we  investigated 
the  emission  spectrum  of  RF-excited  He  and  Ne 
discharges  seeded  with  CuBr. 

The  experimental  discharge  tube  (Fig.  1)  was  made  of 
fused  silica.  The  active  part  of  the  tube  had  8  mm  inner 
diameter  and  was  10  cm  in  length.  At  the  middle  of  the 


discharge  zone  a  fused  silica  reservoir  with  CuBr  was 
connected.  Distilled  in  vacuum  98%  pure  p.a.  CuBr 
from  Fluka  was  used.  The  CuBr  reservoir  was  heated 
separately  in  an  oven  and  the  CuBr  vapor  pressure  was 
controlled  independently  from  the  RF  power  in  the 
discharge. 


silica  tube 


Fig.  1  Scheme  of  the  discharge  tube 

The  RF  power  was  capacitively  coupled  into  the 
discharge  by  two  brass  electrodes  (10  cm  in  length, 
8  mm  wide)  mounted  along  the  quartz  tube.  The 
discharge  was  run  by  a  generator  operating  at  13.56 
MHz.  The  emitted  light  from  the  discharge  was 
recorded  by  an  optical  simultaneous  multichannel 
analyzer. 

The  emission  spectra  in  the  740-^800  nm  spectral  range 
in  He-CuBr  discharge  and  in  the  240-^300  nm  spectral 
range  in  Ne-CuBr  discharge  were  recorded  at  different 
RF  powers  and  CuBr  reservoir  temperature.  The  copper 
ion  lines  intensities  increased  when  increasing  the  CuBr 
reservoir  temperature  up  to  500°C,  the  highest 
temperature  at  which  stable  discharge  was  obtained. 
Efficient  excitation  of  the  copper  ion  laser  states  was 
achieved  at  RF  input  power  200  W,  i.e.  at  linear  power 
density  of  20  W/cm.  At  a  lower  input  power,  in  spite  of 
the  presence  of  copper  atoms  in  the  discharge, 
spontaneous  emission  on  copper  ion  lines  was  hardly 
detected. 

Except  for  the  copper  ion  laser  lines,  no  other  copper 
ion  lines  were  found  even  at  higher  than  200  W  input 
power.  That  proves  that  efficient  charge-exchange 
excitation  [4]  takes  place  at  the  examined  discharge 
conditions. 
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3.  Laser  oscillation  in  He-CuBr  discharge 

Pulsed  and  CW  lasing  on  four  infrared  Cu^  lines 
(740.4  nm,  766.5  mn,  780.8  nm  and  782.6  nm)  was 
obtained  in  RF-excited  He-CuBr  discharge  operated  at 
two  different  frequencies:  13.56  MHz  and  27.12  MHz. 

3.1.  Pulsed  lasing 

Pulsed  oscillation  on  the  780.8  run  Cu^  transition  was 
obtained  in  a  laser  tube  in  which  the  CuBr  was  placed  in 
the  discharge  volume  and  the  discharge  heating  was 
used  to  evaporate  the  halide  (Fig.  2).  The  laser  tube  was 
made  of  fused  silica,  the  discharge  channel  was  400  mm 
long,  with  8  mm  bore  diameter.  A  second  fused  silica 
tube  was  inserted  in  it,  also  400  mm  long,  5.5  mm  bore 
diameter.  Along  its  length  a  4  mm  slot  was  cut.  Small 
pieces  of  CuBr  were  evenly  spread  in  the  internal  tube 
under  the  slot.  The  role  of  the  internal  tube  was  to 
protect  copper  deposition  on  the  inner  surface  of  the 
discharge  tube.  The  RF  power  was  coupled  in  the 
discharge  by  two  externally  mounted  brass  electrodes, 
400  mm  long,  8  mm  wide. 

electrodes 


Fig.  2  Schematic  cross-section  of  the  laser  tube 

The  discharge  was  excited  by  27.12  MHz  RF  pulses 
with  changeable  pulse  repetition  rate  from  1  kHz  to 
4  kHz  and  pulse  duration  from  40  ps  to  150  ps.  Laser 
oscillation  was  obtained  at  helium  pressure  from 
1 .8  kPa  to  4.8  kPa,  with  an  optimum  at  4.0  kPa. 

The  lowest  pulse  power  amplitude  at  which  lasing  was 
observed  was  around  500  W,  which  corresponds  to 

12.5  W/cm  linear  power  density,  much  lower  than  the 
100  W/cm  necessary  for  lasing  in  the  RF  sputtering  He- 
Cu  system  [4].  At  optimal  for  lasing  conditions:  4.0  kPa 
He  pressure,  160”C  tube  wall  temperature  and  750  W 
pulse  power  amplitude  (18.75  W/cm)  a  small-signal 
gain  of  8%/m  was  measured  at  780.8  nm  Cu^  laser  line. 

3.2  CW  lasing 

The  second  tube  had  a  design  similar  to  that  used  for 
He-Cd  capacitively-coupled  RF-excited  laser  [5].  The 
active  volume  was  confined  by  a  ceramic  capillary 
40  cm  long  and  4  mm  in  diameter.  At  the  middle  of  the 
active  zone  a  side-arm  reservoir  with  CuBr  was 
connected.  From  this  reservoir  the  CuBr  vapor  diffused 
to  the  active  discharge  region  where  it  was  dissociated 
into  Cu  and  Br  atoms.  The  CuBr  reservoir  was  heated 
separately  up  to  450®C  and  the  vapor  pressure  was 
controlled  independently  of  the  RF  excitation  power. 


Using  this  tube  CW  oscillation  on  four  near-IR  Cu”^ 
transitions  (740.4  nm,  766.5  nm,  780.8  nm  and 
782.6  nm)  was  obtained  at  13.56  MHz  excitation 
frequency.  The  laser  power  of  all  lines  increased 
linearly  with  increasing  input  power  from  400  W  up  to 
800  W.  The  maximum  input  power  was  limited  due  to 
arcing  between  the  electrodes.  For  the  780.8  nm  line 
which  is  the  strongest  line,  an  output  power  of  10  mW 
was  achieved  at  an  optimum  He  pressure  of  7  kPa  and 
input  RF  power  of  800  W. 

4.  UV  Cu^  lines  excitation  in  Ne-CuBr 
discharge 

The  obtained  reducing  of  the  excitation  power  in  He- 
CuBr  RF-excited  discharge  suggested  that  the  power 
necessary  for  excitation  of  the  UV  laser  transitions  of 
Cu^  might  be  reduced  also  in  Ne-CuBr  RF-excited 
discharge. 

Using  Ne  as  a  buffer  gas,  in  the  same  tube  in  which  CW 
lasing  was  obtained,  we  observed  laser  gains  on  the 
following  14  UV  Cu^  lines:  240.3  nm,  242.4  nm, 
247.3  nm,  248.6  nm,  249.6  nm,  250.6  nm,  252.9  nm, 

254.5  nm,  259.1  nm,  260.0  nm,  270.3  nm,  271.4  nm, 
271.9  nm,  272.2  nm.  The  strongest  line  was  the 

248.6  nm  line  with  an  optimum  Ne  pressure  at  1  kPa. 

5.  Conclusions 

For  the  first  time  laser  oscillation  on  Cu^  lines  using 
dissociation  of  copper-halide  in  RF-excited  discharge 
was  reported.  The  threshold  input  power  for  lasing  was 
reduced  about  5  times  compared  to  that  reported  for  the 
sputtering  RF-excited  Cu^  laser.  CW  laser  action  on  IR 
Cu^  lines  at  RF  excitation  was  obtained.  Laser  gain  in 
the  UV  spectral  range  was  observed  in  Ne-CuBr 
discharge. 
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1.  Introduction 

In  preceding  investigations  measurements  were  made 
in  air  with  24  different  materials  of  the  so  called  arc 
spot  formation  delay  time  or  commutation  time  to  [1]. 
This  is  the  time  which  is  needed  to  initiate  the 
formation  of  arc  spots  on  cold  electrodes  after  applying 
an  electric  field  between  an  arc  and  a  third  electrode 
biased  either  negatively  or  positively  against  the  bulk 
plasma. 

The  most  important  result  of  these  investigations  was 
that  this  arc  spot  formation  delay  time  measured  for 
freshly  polished  electrodes  is  independent  of  the  bulk 
properties  of  the  electrode  material  like  work  function 
or  electrical  conductivity.  Another  result  was  that  this 
arc  spot  formation  delay  time  is  very  sensitive  on 
variations  of  the  surface  structure.  SEM  investigations 
were  made  revealing  that  the  crater  structure  left  by  the 
ignition  at  the  electrode  surface  is  depending  on  the 
surface  structure  [2],  [3]. 

To  investigate  the  ignition  of  arc  spots  on  cold  cathodes 
under  defined  conditions  and  in  a  defined  gas 
atmosphere  a  special  experimental  set-up  was 
developed  which  is  given  below  [4],  [5].  The  igiution  of 
arc  spots  on  the  cathode  was  investigated  as  well  by 
high  speed  photography  as  by  electrical  measurements. 
The  arc  traces  of  short  current  pulses  were  exanuned  by 
in  situ  optical  microscopy  of  the  cathode  surface. 

Two  different  modes  of  arc  spot  ignition  were  observed: 
an  initiation  by  a  diffuse  glow  discharge  which  may 
pass  into  a  constricted  arc  spot  and  an  immediate 
formation  of  a  constricted  arc  spot. 

The  two  modes  of  arc  spot  igiution  at  atmospheric 
pressure  were  attributed  to  different  surface  structures, 
which  can  be  characterized  by  the  field  enhancement 
factor  [6],  [7].  Field  enhancement  by  microprotrusions 
may  raise  the  local  electron  emission  more  than  any 
known  depression  of  the  work  function.  A  sufficiently 
high  density  of  small  emission  sites  produces  by  field 
emission  locally  such  a  high  average  current  density 
that  a  plasma  channel  and  an  arc  spot  on  the  cathode 
surface  is  formed.  With  lower  pressure  the  influence  of 
the  surface  structure  is  reduced  and  pushed  back  by 
TowNSEND-y  emission. 

Characteristic  spectra  of  the  filling  gas  and  the 
commutation  electrode  could  be  related  to  the  different 
modes  and  are  given  further  down. 

2.  Experimental  Set-Up 

The  experimental  set-up  shown  in  Fig.  1  consists  of  a 
pair  of  horn  electrodes  with  an  anode  A  and  a  cathode 
C  between  which  an  arc  is  ignited  by  high  voltage 


breakdown.  After  the  igiution  the  arc  operated  with  a 
current  of  25  A  is  blown  magneticdly  against  a 
diaphragm  (D)  positioned  horizontally  above  the  horn 
electrodes. 

The  commutation  electrode  (CE)  is  positioned  behind  a 
small  aperture  (diameter  2  mm)  in  the  center  of  the 
diaphragm  ensuring  the  ignition  to  take  place  definitely 
in  an  area  of  1-2  mm^.  The  voltage  between  the  arc 
plasma  and  the  grounded  CE,  given  by  the  voltage  drop 
of  the  resistor  R^,  amounts  to  250  V  in  this  experiment. 
Up  to  eight  CE’s  are  fixed  on  the  circumference  of  a 
revolver  (R),  turned  successively  behind  the  hole.  The 
whole  discharge  arrangement  is  enclosed  in  a  vacuum 
tight  chamber  made  of  high  grade  steel  which  is 
pumped  to  UHV  and  filled  with  pure  gases.  The 
chamber  is  equipped  with  windows  for  optical 
observation  of  the  ignition,  which  is  possible  with 
sufficient  spatial  resolution  by  reason  of  the  special  set¬ 
up.  A  detailed  description  of  how  the  experiment  takes 
place  is  given  in  [5],  [6]. 


Fig.  1 :  Set-up  with  horn  electrodes  with  A:  anode;  C:  cathode; 
D:  diaphragm  with  aperture;  R:  electrode  revolver  equipped 
with  8  commutation  electrodes  CE;  OMA:  optical 
multichannel  analyser,  lens  L;  SZi,  SZ2.  current  probes 
measuring  ic  through  CE.  Ignition  circuit  formed  by  Ch,  Rh 
and  Si  charged  onto  the  voltage  Uch.  Main  circuit  formed  by 
current  source  lo,  Rv,  Rk,  and  diode  Dh. 

3.  Measurements 

Forty  ignitions  in  turn  were  made  on  a  single  electrode 
in  pure  Ar  before  it  was  replaced.  Thereby  the  electrode 
surface  changes  from  ignition  to  ignition.  As  well  does 
the  ignition  itself  which  takes  place  as  mentioned  above 
in  two  different  modes. 

In  the  first  case  the  ignition  is  initiated  by  a  precurrent 
larger  than  1  mA  lasting  up  to  several  ps.  This 
precurrent  is  characterized  by  two  parameters,  the 
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maximum  precurrent  iv  and  precurrent  flow  time  ty  [6J. 
A  liuninous  layer  becomes  visible.  With  increasing 
current,  a  chaimel  is  forming  which  starts  from  the 
liuninous  layer  and  leads  to  the  bulk  plasma.  In  the 
second  case  an  initiating  precurrent  could  not  be 
detected  with  the  measuring  device  of  this  experiment. 
A  bright  plasma  ball  is  formed  in  front  of  the  cathode 
spanning  the  gap  between  an  unstructured  bulk  plasma 
and  the  cathode  [4],  [6]. 


400  450  500  550  600  '  650  700  750  800 
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b) 

Fig.  2:  Spectrally  and  spatially  resolved  representation  of 
light  emission  in  front  of  the  CE.  Its  diameter  is  given  on  the 
right  side;  a)  Emission  of  the  luminous  layer;  An  I,  Ar  I; 
atomic  An-  and  Ar-lines;  b)  Emission  of  the  plasma  ball;  Ar 
H;  lines  of  single  ionized  Ar. 

The  spectrally  and  spatially  resolved  emission  in  front 
of  an  Au-electrode  in  Ar  is  shown  in  pig.  2.  Fig.  2a 
gives  the  emission  of  the  luminous  layer.  It  extends 


over  the  whole  electrode  surface  and  comprises  of 
atomic  lines  of  the  electrode  material  and  of  the  filling 
gas  Ar.  Similar  results  are  also  found  for  cathodes 
made  of  Cu  and  Al.  Fig.  2b  represents  the  emission  of 
the  plasma  ball.  It  is  concentrated  in  a  small  spot  with  a 
diameter  of  100-300  pm  and  consists  maiidy  of  ion 
lines  of  the  filling  gas  Ar.  Similar  spectra  are  emitted 
by  the  plasma  channel  forming  after  the  luminous 
layer.  Principally  the  same  spectra  are  also  found  for 
electrodes  made  of  Cu,  Al,  and  W,  however  not  for 
graphite. 

4.  Conclusions 

Two  different  kinds  of  arc  spot  ignition  on  cold 
cathodes  have  been  identified,  the  modes  of  difiuse  and 
constricted  current  transfer.  It  has  been  shown  that 
these  different  kinds  of  current  transfer  emit  very 
difierent  optical  spectra.  The  atomic  lines  of  the 
electrode  material  emitted  by  the  luminous  layer 
indicate  that  electrode  material  is  vaporized  presumably 
by  a  destruction  of  electron  emitting  microprotrusions. 
The  ion  spectrum  of  the  constricted  arc  spot  reflects  a 
high  electrical  power  input  into  the  arc  spot. 
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1.  Introduction 

The  cathode  processes  in  atmospheric  pressure  arcs  are 
studied  for  a  long  time.  A  theory  of  arcs  with  a  tungsten 
thermionic  cathode  in  inert  gas  is  well  advanced  [1],  Ihe 
e;q)erimental  studies  of  such  arcs  are  numerous  [2,3]. 
An  e^qjeriment  and  a  theory  do  not  contradict 
qualitatively  one  another:  both  in  calculations  and  in 
e}q>eriments  a  weak  dependence  of  a  current  density  on 
an  arc  current,  a  falling  voltage-current  characteristic  of 
near-cathode  layer  are  observed.  The  quantitative 
distinctions  also  are  not  too  great  One  of  the  major 
characteristics  of  cathode  region  is  a  potential  difference 
between  a  cathode  and  undisturbed  plasma  -  a  cathode 
potential  drop  Ve.  In  tire  review  [1]  results  of 
comparision  between  Vc  measurements  and 
calculations,  obtained  by  various  methods,  are 
presented.  At  cunents  I  =  (10^+10^  A  in  Argon  the 
measured  values  of  are  within  limits  of  (l(h-6)  V  and 
the  calculated  ones  -  (12+5)  V.  Recently  the  calculations 
giving  a  significantly  different  result  are  published:  Ve 
changes  from  27  V  up  to  17  V  while  I  is  varied  from  99 
upto971AI4]. 

fai  general  tenns  the  most  correct  method  of  an 
electrode  drop  measurement  is  the  probe  technique. 
Such  mefitods  as  fire  short  arc  voltage  and  calorimetric 
measurements  have  large  limitations  and  repeatedly 
came  under  criticism.  However,  the  probe  diagnostics  of 
a  strongly  ionized  {fiasma  at  atmospheric  pressure  wras 
not  elaborated  till  now.  It  is  wide-spread  point  of  view 
stated  in  [5]  on  basis  of  qualitative  consideration  otdy 
that  a  plasma  potential  V,|  differs  from  a  floating  probe 
potential  Vf  by  (1+2)V.  It  has  resulted,  as  the  recent 
investigation[6]  showed,  in  large  errors  of  Vpi  and  so  Vc 
determination.  Recent  results  of  the  atmospheric 
pressure  strongly  ionized  plasma  probe  diagnostics 
daboration  [7]  were  used  in  the  present  investigation. 

2.  Experimental  setup  and  procedure 

To  perform  the  studies  the  same  erqrerimental  setup  as 
in  [7]  was  used.  The  cafriode  was  a  tungsten  02mm 
stick  with  a  semisphetic  %.  Ihe  stick  was  pressed  in  a 
copper  water-cooled  holder.  Ihe  extended  part  was  of 
8+10  mm  length.  The  copper  water-cooled  anode  was 
located  12  mm  above  the  cathode.  In  parallel  to  an  on 
duty  d.c  arc  (S0r-70)A  the  generator  of  single  rectangular 
(I^1000A)pulses  of  a  duration  iq)  to  Sms  was  cormected. 
A  pulse  front  when  a  discharge  gap  shorted  was~0. 1  ms. 


A  spherical  probe  00.5  mm  was  shot  at  velocrty^l  m/s 
through  the  arc  channd  core  zone.  The  probe  location 
was  determined  with  accuracy  of  about  0.3  mm. 

To  record  an  arc  emission  spectrum  a  monochromator 
cotq>led  wifii  an  opticd  analyze-  wras  used.  The  spatial 
resolution  was  ^  0.3  mm.  In  one  exposure  a  spectrum 
range  of  25  run  was  recorded.  To  measure  a  radial 
distribution  of  a  spectral  line  intensity  the  analyzer 
camera  was  turned  through  90°.  The  distribution  was 
subjected  to  the  Abehan  inversion  procedure.  An 
analyzer  start  delay  was  set  to  match  by  an  instant  of 
probe  travelling  tiuou^  the  near-  axis  zone  of  an  arc. 

3.  Experfanental  results  and  discussion 

The  range  of  I  under  examination  was  (250+530)  A.  An 
arc  appearance  at  a  fixed  voltage  of  the  pulse  generator 
could  change  from  one  pulse  to  anotiier.  Vasual 
observations  have  shown  that  those  changes  are  due  to 
either  a  displacement  of  an  on  duty  arc  attachment  from 
a  tip  of  the  cathode  or  to  a  strong  droplet  erosion  (at  the 
maximum  currents)  in  a  puke  arc.  The  data  obtained  in 
such  cases  were  rejected.  The  measurementa  were 
considered  as  related  to  tiie  same  arc  mode  if  a  current 
and  a  voltage  had  changed  not  more,  than  with  5  %. 
Measurements  have  shown  that  a  current  and  a  voltage 
of  an  arc  reach  new  quasistationary  values  at  t  ^  1  ms 
after  the  beghuiing  of  a  pulse.  Series  of  measurements 
with  various  delays  were  carried  out  which  has  (tiiown 
that  both  spectroscopical  and  probe  measurements  at  x 
^  1  ms  did  not  depend  on  time.  The  estimation  shows 
that  during  about  1  ms  a  themperatore  wave  in  tungsten 
will  run  a  distance  ~rc  (rc-an  arc  attachment  radius  on  the 
cathode).  All  mentioned  above  allows  to  consider  that 
when  we  perform  our  measurements  (3+4)  ms  after  the 
pulse  b^inning  we  determine  arc  parameters  in  a 
quasistationary  state.  It  is  obvious  that  tiietmal  mode  of 
the  cathode  (Mers  from  that  of  d.c.  arc.  It  should  be 
noted  that  the  cathode  thermal  mode  in  dc.  arc  depends 
on  conditions  of  tire  cathode  cooling,  le.  on  a  specific 
design  of  a  cathode  unit.  So  it  is  necessary  to  take  this 
circumstance  into  account  when  the  results  are 
compared 

The  plasma  temperature  was  detemtined  fixnn  relative 
intensities  of  Arlll  spectral  lines  (A,=330.19,  331.12, 
333.61,  334.47  nm).  At  I  >  250  A  it  is  necessary  to  use 
Arlll  lines  because  they  spears  rather  sensitive  to  a 
change  of  plasma  tenqrerature  unlike  Aril  lines.  The 
diameter  of  the  luminous  channel  which  we  accepted 
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equal  to  of  the  current  channel  was  determined 
from  widdi  of  radial  distribution  of  Arlll  line  intensity  at 
half  of  a  profile  height . 

The  dependence  of  plasma  temperature  T  measured  at 
2h0.6  mm  from  frie  t^  of  the  cathode  on  current  is 
shown  in  fig.l.  At  I>4S0  A  a  satis&ctory  agreement 


FIg.l 

300  400  500  600 

between  frie  experiment  and  the  calculations[4l  is 
observed.  However,  at  lower  currents  one  can  see  a 
distinction  between  the  calculated  and  e}q)erimental 
values  which  is  &r  greater  than  the  experimental  data 
scatter.  This  &ct  may  be  explained  by  that  frie 
e^qieiiments  and  the  calculations  are  performed  at 
various  distances  from  frie  cathode.  A  plasma 
temperature  was  calculated  on  an  external  boundary  Of 
frie  region  of  equalization  of  electrons  and  heavy 
particles  temperatures  which  extent  was  estimated  in  [4] 
as  10~^  cm.  The  spatial  resolution  does  not  allow  to 
perform  the  measurements  so  close  to  the  cathode.  The 
expansion  of  a  current  from  the  cathode  attachment,  a 
decrease  of  a  current  density  j  can  results  in  a  decrease 
of  T.  However,  the  measurements  show  that  at  I>450A 
close  to  the  cathode  (z^lmm)  the  diameter  of  the 
luminous  channel  does  not  practically  changes  as  well  as 
plasma  temperature.  It  forms  somefriing  like  the  slightly 
extended  charmel  with  high  temperature  in  which  a  main 
current  flows.  It  is  conceivable  that  this  is  due  to  effect 
of  a  current  self-magnetic  field.  At  lower  currents  this 
phenomenon  appears  only  slightly  and  insufficient 
spatial  resolution  results  in  that  the  measurements  are 
carried  out  in  the  r^on  with  a  temperature  lower  than 
that  at  the  external  boimdary  of  the  cathode  layer. 


The  dependence  of  the  current  channel  radius  on  an  arc 
current  is  shown  in  fig.  2.  In  the  same  figure  the  results 
of  calculations[4]  are  presented.  The  results  obtained 
show  friat  an  arc  current  density  near  the  cathode  is 
approximately  constant  in  the  investigated  current  range 
and  averages  j«3-10^A/cm^.  It  should  be  noted  that  it  is 
an  estimation  only. 

The  results  of  probe  floating  potential  Vf  measurements 
at  zel  .0  mm  from  tip  of  the  cathode  are  shown  in  fig,  3. 
In  the  same  figure  the  results  of  measurements  [5,8]  and 
calculations  [4,9,10]  are  presented  too.  One  can  see  that 
the  Vf  measurement  results  obtained  in  the  present  work 


are  in  agreement  with  the  previous  results[5,8]. 
However,  in  [5,8]  Vf  was  identified  with  Vpi  to  an 
accuracy  within  (1-5-2)  V  and  one  can  see  friat  these 
results  does  not  contradict  with  frie  calculations[9,10]. 
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According  to  results  of  [7]  we  consider  that  Vf  differs 
from  Vpi  rather  considerably  and  at  T=(2.55-3.5)  eV  the 
difference  (Vp|-V^  reaches  (ll-rl2)  V.  The  plasma 
potential  values  with  respect  to  the  cafriode  Vpi 
recalculated  in  accordance  with  [7]  is  also  presented  in 
fig.  3.  The  obtained  values  Vpi  are  close  to  the  calculation 
results  [4].  However,  while  determining  the  cathode 
potential  drop  V^  it  is  necessary  to  take  into  account  the 
potential  difference  AV  between  the  external  boundary 
of  the  cathode  layer  and  frie  point  where  the  probe 
measurements  were  carried  out.  It  is  not  a  simple  task. 
The  rough  estimation  is  of  no  interest  in  this  case.  So  the 
value  Vpi  measured  in  present  work  can  be  compared 
with  calculations  in  which  not  only  the  cafriode  layer  but 
an  arc  as  a  whole  is  performed. 
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1.  INTRODUCTION 

This  paper  presents  results  obtained  in  an  experimental 
study  of  a  DC  plasma  torch.  Measurements  have  been 
made  on  an  argon  plasma  jet  discharging  into  an  argon 
environment  at  atmospheric  pressure.  We  have  studied 
the  influence  of  the  total  current  intensity  and  of  the 
inlet  gas  flow  rate  on  the  characteristics  of  the  plasma: 
temperature  field  and  drop  voltage. 

The  experimental  results  were  compared  with  those 
predicted  by  our  model  relative  only  to  the  free  jet 
region.  The  inlet  conditions  are  given  by  theoretical 
laws  classically  used  by  other  authors  on  the  same 
subject. 

2.  EXPERIMENTAL 

The  DC  plasma  torch  and  the  details  of  the 
experimental  arrangement  are  given  in  [1].  The  argon 
plasma  jet  exits  into  a  chamber  filled  with  argon 
maintained  at  atmospheric  pressure.  The  typical 
working  conditions  were  current  intensities  in  the 
range  100  to  200A;  gas  flow  rates  varying  from  15  to 
35Nl/mn.  Emission  spectroscopy  method  >vas  used  to 
determine  the  temperature  at  the  nozzle  exit.  The 
measurements  were  carried  out  on  the  696.5nm  argon 
neutral  line.  The  plasma  was  assumed  to  be  in  LTE. 
The  statistical  error  in  the  determination  of  the 
temperature  was  estimated  to  be  about  5%. 

-  Electrical  characteristics 

On  figure  1  is  shown  the  variation  of  the  drop  voltage 
versus  the  current  intensity  for  different  gas  flow  rates. 
The  arc  voltage  decrease  observed  is  linked  directly  to 
the  attachment  between  the  arc  and  the  anode  [2].  At  a 
fixed  current  and  for  a  higher  gas  flow  rate 
D=30Nl/mn,  the  constriction  of  the  plasma  is  enhanced 
and  as  a  result  the  diameter  of  the  plasma  is  reduced. 
The  arc  moves  along  the  anode  and  attaches  itself 
upstream  further  from  the  cathode.  These  results  are  in 
good  agreement  with  those  of  [3].  It  is  noteworthy  that 
the  arc  voltage  for  D=30Nl/mn  tends  towards  a 
stabilised  value  at  higher  current  intensities.  This 
increase  of  the  net  power  transferred  to  the  plasma  with 
an  increase  of  the  gas  flow  rate  is  well  known.  In  then- 
works,  Capetti  and  Pfender  [4]  observed  an  increase  of 
about  30%  of  the  net  power  transferred  to  the  plasma 
using  a  current  intensity  around  400A  When  fte  gas 
flow  rate  increased  from  23.6  to  47.2  Nl/mn.  In  our 


case  this  increase  is  about  4  and  9%  respectively  for  50 
and  180A  and  for  a  change  on  the  gas  flow  D=20  to 
30Nl/mn. 


-  Temperature  profiles 

The  influence  of  current  intensity  and  gas  flow  rate  on 
the  temperature  of  an  argon  plasma  discharging  into  an 
argon  environment  was  studied.  Figure  2  shows  the 
influence  of  gas  flow  rate  for  a  current  intensity 
1=1 00 A  at  two  axial  positions  z=l  and  10mm  from  the 
nozzle  exit.  The  increase  in  gas  flow  constricts  the 
plasma  jet  and  the  temperatures  near  to  the  axis 
increase;  the  constriction  is  more  pronounced  with 
lower  z  values.  The  current  has  a  more  significant 
effect  on  the  temperature  profiles.  An  increase  of  the 
current  intensity  has  a  repercussion  on  the  enthalpy  of 
the  plasma.  Indeed  the  power  applied  to  the  torch  is 
increased  and  also  the  gas  velocities,  leading  to  a 
lengthening  and  broadening  of  the  plasma  plume. 


3.  THEORETICAL  MODEL 


A  mathematical  2D  model  limited  to  the  free  jet  region 
was  developed  by  using  Patankar's  [5]  resolution 
model.  The  mathematical  formulation  was  based  on  the 
main  following  assumptions:'  we  consider  an 
axisymetrical  configuration  in  a  steady  state  and  in 
laminar  flow  conditions.  The  plasma  was  assumed  to  be 
in  L.T.E  and  the  radiation  is  treated  using  the  net 
emission  coefficient.  At  the  inlet  (nozzle  exit)  the 
temperature  and  the  axial  component  of  the  velocity  are 
given  by: 


u(r)  = 


’-T„) 

[>- 

+  T„, 


where  Uo  and  To  are  the  maximum  experimental  values 
of  the  axial  velocity  and  temperature  on  the  axis  (at  the 
exit).  T„  is  the  value  of  the  temperature  on  the  edge  of 
the  anode  (n=2).  The  mathematical  model  and  the 
equations  used  in  the  entire  domain  are  described  in 
previous  works  [6] 


4.  DISCUSSION 

On  figure  3  we  present  the  axial  temperature  versus  the 
distance  from  the  nozzle  exit.  The  current  intensity 
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1=100 A  and  the  inlet  gas  flow  rate  is  l>=20Nl/mn. 
There  is  a  satisfactory  agreement  between  the 
ealculated  and  the  measured  values.  The  axial 
temperature  To  is  equal  to  llOOOK  at  z=0mm.  The 
maximimi  velocity  is  not  given  but  caleulated  via  the 
knowledge  of  the  temperature  profile  imposed  and  the 
inlet  gas  flow  rate.  On  figure  4  we  give  the  temperature 
profile  at  z=2em  from  the  exit.  There  is  reasonable 
agreement  between  experiment  and  theory,  especially 
in  the  hotter  regions  of  the  plasma  (r<  1.5mm) ; 
however,  there  are  discrepancies  in  the  cooler  regions. 
The  difference  between  the  modelling  and  experimental 
results  becomes  larger  for  temperatures  below  9000K 
and  may  be  attributed  to  three  reasons.  Firstly,  the 
signal  becomes  weak  in  the  cooler  regions  of  the 
plasma  and  the  temperature  values  at  the  plasma  edge 
are  not  that  precise.  Secondly,  the  higher  temperature 
values  given  by  the  model  at  the  plasma  edge  is  linked 
to  the  boundary  conditions  imposed  by  the  model. 
Thirdly,  the  discrepancies  may  be  due  to  departure  of 
the  plasma  from  LTE.  A  systematic  comparison  was 
made  with  the  experimental  results,  using  two  values  of 
the  gas  flow  rate  20  and  30Nl/mn  and  considering  two 
current  intensities  lOOA  and  200A  at  different  values  of 
z  from  the  nozzle  exit. 
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Figure  1  :  Voltage  current  characteristies  of 
the  plasma  torch 


O  z=lmm,  D=20Nl/mn 

O  ^ 

A  z=10mm,  D=20Nl/mn 

^  0 

* 

V  z=lmra,  D=30Nl/rrm 

V 

0  2=1 0mm,  D=30Nl/mn 

0.0  0.5  1.0  1.5  2.0  2.5  3.0 

r  (mm) 

Figure  2  :  Temperature  profiles  at  different 
axial  positions  for  1  =100A  and  D=20  and 
30Nl/mn  in  argon 


Figure  3  :  Comparison  of  axis  temperatxne  for 
l=100AandD=20Nl/mn 


Figure  4  :  Comparison  of  temperature  profiles 
at  z=2cm  for  1=1 00 A  and  D=20Nl/mn  in 
argon 
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1.  Introduction 

The  metal  cutting  technology  based  on  air  plasma  arc  is 
widely  used  in  different  industrial  applications.  A  new 
type  of  plasma  generators  based  on  copper  electrode 
with  cavity  has  been  developed  in  the  Technical 
University  of  Moldova  [1],  One  of  the  most  important 
elements  of  the  plasma  generator  in  which  a  lot  of 
different  physical  processes  take  place  which  deal  with 
the  transformation  of  the  electrical  energy  in  the 
thermal  one  is  the  electric  arc  discharge  chamber. 

2.  The  physical  processes  in  the  discharge 
chamber  of  the  plasma  generator 

The  discharge  chamber  of  the  generator  consists  of  the 
cooper  electrode  with  a  cavity  1  and  the  nozzle  2 
separated  by  the  rotator  3  (fig.  1).  In  the  same  time  the 
last  allows  a  tangential  transport  of  the  air  into  the 
discharge  chamber. 


Fig.  1.  The  scheme  of  the  chamber  of  air  plasma 
generator  based  on  cooper  electrode  with  cavity 


Normally  the  electric  arc  5  occurs  between  the 
electrode  and  the  object  6.  From  the  physical  point  of 
view  all  the  electric  arc  energy  can  be  divided  into  5 
energetic  zones,  three  of  which  are  located  into  the 
discharge  chamber.  In  the  zones  I-IV  of  the  arc  the 
processes  of  the  molecules  dissociation,  atoms 
excitation,  ionisation  and  recombination,  and  the 
photoemission  take  place. 

In  the  first  zone  the  radial  part  b-d  and  the  spot  of  the 
arc  rotate  and  move  on  the  surface  of  the  electrode 


cavity  in  the  limits  of  the  area  a-c.  The  length  of  this 
area  is  determined  by  the  balance  between  the 
gasodynamic  and  electrodynamic  forces  which  are 
caused  by  the  interaction  of  the  radial  part  of  the 
electric  arc  and  the  magnetic  fields  of  the  electric  arc 
and  of  the  winding  4  under  the  electric  current.  From 
the  thermal  point  of  view  the  electrode  1  is  in  the  most 
disadvantages  conditions,  namely  the  parts  on  which 
are  located  the  anode  spot  or  the  cathode  spot  of  the 
electric  arc.  The  life  time  of  this  electrode  depends 
directly  on  the  erosion  speed  which  depends  in  turn  on 
the  current  intensity  value,  on  the  thermal  flow  on  the 
arc  base  spot  as  well  as  on  the  electrode  polarity.  The 
experimental  results  show  that  the  current  intensity 
value  for  the  negative  polarity  in  the  centre  of  the 
cathode  spot  is  10  times  greater  and  the  current  spot  is 
2  times  less  then  for  the  positive  polarity  [1].  The 
electrode  erosion  depends  mainly  on  the  constructive 
parameters  (electrode  cavity  diameter  de  and  length  le, 
the  nozzle  chaimel  diameter  dn,  the  current  intensity 
value  in  the  arc  7,  the  air  debit  Ga  and  the  magnetic 
field  solenoidity  I»W.  The  mathematical  model  of  the 
specific  erosion  y  of  the  electrode  with  cavity  has  been 
obtain  from  the  experimental  results  and  is  described  by 
the  following  linear  equation, 

y=[ 1.25+0. 72*  le-0.39»  de+0.14»dn+0.38*Ga- 
0.16»l»W]»10-^g»C\  (1) 

In  zone  II  the  electric  arc  is  on  the  action  of  turbulent 
flow  of  the  gas  being  stabilised  along  the  discharge 
chamber  axis.  When  the  electric  arc  passes  through  the 
nozzle  channel  (zone  III)  it  is  contracted  in  the  radial 
direction.  When  quitting  the  nozzle  the  electric  arc  is 
dilated  slightly.  In  the  metal  the  electric  arc  is 
constraint  into  its  own  cut. 

The  presence  of  the  tangential  component  of  the  air 
speed  in  the  discharge  chamber  brings  to  the  separation 
of  the  electric  arc  on  the  walls  of  the  electrode  and 
nozzle.  As  a  result  the  difference  of  potentials  appears 
between  the  electric  arc  and  the  walls.  That  is  why 
breakdoAvns  take  place  between  the  electric  arc  and  the 
walls  in  the  electrode  with  cavity  as  well  as  in  the 
nozzle.  In  the  electrode  with  cavity  this  breakdown 
causes  a  decrease  of  the  arc  length  and  does  not  present 
any  danger.  The  breakdown  between  the  electric  arc 
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and  the  nozzle  however  can  destroy  the  nozzle  due  to 
the  cascade  firing  of  the  electric  arc:  electrode-nozzle- 
metal. 

During  the  metal  cutting  process  the  nozzle  is  neutral 
from  the  electric  point  of  view  and  it  serves  to 
concentrate  the  energy  in  the  working  zone  as  well  as 
to  stabilise  the  electric  arc  in  space.  In  the  same  time 
the  nozzle,  being  neutral,  is  a  good  collector  or  emitter 
(depending  on  the  polarity  of  electrode  veith  cavity)  of 
the  charged  particles  which  penetrate  from  the  electric 
arc  through  the  separating  gap  due  to  the  processes  of 
diffusion,  gas  photoionisation  and  photoemission.  In 
the  normal  mode  of  the  generator  functioning  a  non 
autonomous  discharge  takes  place  in  the  isolating  gap 
with  a  small  value  of  the  leakage  current  which 
depends  on  the  resistance  of  the  isolation.  This 
resistance  is  non  linear  and  depends  mainly  on  the  gas 
temperature  in  the  isolation  gap  which  varies  widely  in 
dependence  on  the  plasma  generator  parameters. 

From  the  radial  distribution  of  the  plasma 
temperature  at  the  exit  from  the  nozzle  and  considering 
that  the  temperature  distribution  in  the  nozzle  channel 
is  practically  the  same  the  following  three  zones  can  be 
outlined  (fig.  2). 

T*10-3 


The  first  zone  has  the  temperature  above  12000  K 
and  the  following  condition  is  satisfied  for  it, 


ni  =  ne«np_  (2) 

where  rie,  rip,  are  the  concentrations  of  the  ions, 
electrons  and  neutral  particles  respectively. 

In  zone  II  called  strongly  non  balanced  zone  the 
following  condition  satisfies, 

n,  =  ne»np,  (3) 

In  the  nozzle  channel  this  zone'  is  constrained 
between  the  isotherms  with  the  temperatures  of  12000 


K  and  4500  K  where  the  electric  conductivity  is 
practically  4  times  less  then  in  zone  I.  For  zone  III, 
called  zone  of  the  saturated  layer  we  have, 

rii^rie  (4) 

It  is  zone  III  which  forms  the  isolation  gap  between 
the  electric  arc  and  the  nozzle. 

The  voltage-leakage  current  characteristic  of  this 
zone  depends  on  the  constructive  parameters,  on  the 
current,  on  the  air  debit,  as  well  as  on  the  length  of 
zone  IV.  In  fig.  3  a  series  of  volt-ampere  characteristics 
is  represented  for  different  values  of  the  current  from 
150  A  (curve  1)  to  400  A  (curve  2),  for  air  debit  equal 
to  1  g»s'*,  for  the  nozzle  diameter  d„  and  length  l„  of  4 
and  6  mm  respectively  and  for  the  distance  between  the 
nozzle  and  the  metal  In-m  equal  to  10  mm.  The 
dependence  of  the  volt-ampere  characteristics  on  other 
parameters  has  been  studied.  From  these  characteristics 
it  follows  that  they  all  are  increasing  and  when  the 
leakage  current  is  equal  to  1  A  the  isolation  gap 
breakdown  takes  place  causing  the  cascade  electric  arc 
firing. 


0.3  0.6  0.9  Ia-n,A 

Fig.  3. 

From  this  research  where  the  influence  on  other 
parameters  has  been  taken  into  account  the  following 
mathematical  model  of  the  leakage  current  between  the 
electric  arc  and  the  nozzle  has  been  obtained. 

/<,„=7.57.10-^£'*/*®.  Gfl-'*  ^'*,(5) 

where  E  is  the  electric  field  intensity  in  the  gap 
between  the  electric  arc  and  the  nozzle. 
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INTRODUCTION 

Important  efforts  are  now  devoted  to  improve  the 
theoretical  methods  used  on  the  development  of  circuit- 
breakers.  The  so  called  physical  have  a  larger  field  of 
applicability  than  the  "black-box"  models.  They  allow 
to  study  not  only  the  interaction  between  the  arc  and 
the  circuit,  but  also  the  impact  of  the  conception 
parameters. 

In  the  present  paper  are  presented  the  results  of  a 
theoretical  study  of  a  circuit-breaker  based  on  a  two- 
dimensional  turijulent  time-dependent  calculation.  The 
physical  model  used  for  the  modelling,  could  be  applied 
for  the  thermal  current  interruption  phase,  like  in  short- 
circuit  current  cutting.  The  consideration  of  the 
turbulence  and  of  two  kinds  of  radiation  treatments: 
with  and  without  self-absorption  of  the  radiation  on  the 
edges  of  the  arc,  determine  a  greater  complexity  and 
applicability. 

1.  BASES  OF  THE  MODEL 

1.1  Generalities 

The  model,  based  on  a  system  of  conservation 
differential  equations  is  simplified  using  some 
hypotheses.  These  hypotheses  are  adopted  to  the  studied 
region  and  period,  more  exactly  to  the  nozzle  of  the 
circuit-breaker,  around  zero  current,  without  having  in 
view  the  properties  of  the  arc  near  the  electrodes.  These 
hypotheses,  similar  to  those  of  a  previous  paper  [1],  are 
the  followings: 

-  pure  SF6  plasma  in  local  thermodynamic  equilibrium, 
with  a  cylindrical  symmetry; 

-  radial  electric  field  and  Lorentz's  forces  are  neglected; 
radiation  losses  are  calculated  on  the  base  of  a  net 
emission  coefficient  dependent  on  the  local  parameters, 
temperature  and  pressure. 

The  thermodynamic  properties  and  the  transport 
coefficients  of  the  SF6  plasma  used  in  this  paper  are 
taken  from  [2].  The  system  of  equations  includes  the 
conservation  equations  and  the  Ohm's  law.  In 
cylindrical  coordinates  they  were  given  in  [1]. 

1.2  Treatment  of  turbulence 

After  years  of  studies  the  role  of  the  turbulence  in 
e.xplaining  the  behaviour  of  the  SFg  arc  was  proved  and 


accepted  [3].  The  turbulence  will  directly  influence  the 
heat  and  momentum  transfer  by  means  of  two 
thermodynamic  properties:  thermal  conducti\it>-  and 
viscosity,  which  have  a  laminar  and  a  mrbulent 
component.  Being  far  from  the  electrodes  we  can 
consider  the  arc  like  a  jet  and  use  the  Prandtl  mixing 
length  model.  So.  the  turbulent  components  are: 

^  P  ^  ^  /  1  \ 

1,1,  =ps,  K,  (1) 


where:  Prt  is  the  turbulent  Prandtl  number  (Prt  =  0.5), 


8t=L 


dr 


,  1  is  the  mixing  length  (1=  0.075*Rjet). 


Rjet  is  the  jet  radius.  To  account  for  the  enhanced  effect 
of  the  turbulence  in  the  divergent  part  of  the  nozzle, 
for  ourent  less  than  100  A  we  use  [1]: 


(2) 


where  L  is  the  nozzle  length,  z  is  the  axial  coordinate, 
p  is  an  adjusted  coefficient  between  1  and  10. 


1.3  Treatment  of  radiation 

The  present  calculation  uses  a  net -emission  coefficient. 
8n,  to  represent  the  energy  loss  by  radiation,  coefficient 
taken  from  Gleizes  et  al  [4].  In  order  to  obtain  a  better 
agreement  with  the  reality  we  have  doubled  this  values. 
To  account  for  the  effect  of  self-absorption,  especially 
in  the  cold  part  of  the  gas  in  the  nozzle,  we  consider  a 
radiation  model  similar  to  of  Blundell's  one  [5].  We 
assume  2/3  of  emitted  radiation  in  the  arc  core  (defined 
by  temperature  greater  than  Ti=.65-To.  where  To  is  the 
axis  temperature),  is  absorbed  in  the  outer  region  with 
temperamre  less  than  T]  For  temperature  greater  than 
Ti  we  use  the  values  of  Gleizes  et  al  [4],  for  a  given 
radius  of  1mm.  For  temperature  less  than  T]  we 
consider  that  the  effective  value  of  Sn  is  negative  and 
can  be  expressed  by: 

2  ^ 

-|47te„rdr 

^  —  *^0  /-.V 

e  = - - -  (j) 

J  4ra'dr 

Ra 

Where  Ra  is  the  radius  corresponding  to  Ti  . 


2.  RESULTS  AND  DISCUSSIONS 
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The  proposed  model  allows  to  study  the  characteristics 
of  the  arc  temperature  and  velocity,  arc  voltage  electric 
field  post  arc  current  and  the  influence  of  different 
physical  parameters  on  the  interrupting  capability.  We 
applied  the  model  in  order  to  simulate  the  behaviour  of 
an  electric  arc  of  100kV-20kA  circuit  breaker  for  which 
we  had  experimental  measurements  done  at  EDF 
Renardieres  laboratory  (7). 

In  fig.  1  temperature  field  at  zero  current  is  shown  for 
coefficient  of  tmbulence  p=9.  We  notice  the 
temperature  decreasing  in  the  divergent  part  of  the 
nozzle,  where  the  effect  of  the  turbulence  is  stronger. 
For  the  post-arc  phase,  in  fig.  2,  the  variation  of  the 
axis  temperature  is  represented  in  the  case  of  a  critical 
value  of  the  recovery  voltage  with  a  rate  of  rise  of 
RRRV=8.7  kV/ps,  applied  after  a  delay  of  0.3 ps.  In  this 
case  taking  p=8  the  result  obtained  corresponds  to  a 
cut-off  failure,  because  after  a  few  ps  the  recovery 
voltage  leads  to  an  increasing  temperature. 

Once  the  value  of  the  p  coefficient  is  adjusted  with  an 
e.xperimental  result  of  a  cut-offtno  cut-off  limit,  we  can 
predict  the  interruption  performances  of  the  circuit- 
breaker  versus  di/dt.  Limiting  curves  are  shown  in  fig. 
3.  The  case  of  neglected  self-absorption  of  the  radiation 
is  indicated  by  dashed  lines.  At  the  instant  of  zero 
current,  the  maximum  effect  of  the  self-absorption 
phenomenon,  is  a  temperature  decrease  with  about 
500K,  but  we  notice  an  important  increase  of  the 
interrupting  capability.  To  explain  this  result  we  should 
consider  the  role  of  both  turbulence  and  radiation. 
Considering  self-absorption  of  radiation  on  the  edges 
of  the  arc  leads  to  a  rather  low  energy  losses  by 
radiation,  but  also  to  a  high  mixing  lerigth.  In  the 
transient  period  around  current  zero  when  the 
influence  of  the  turbulence  is  increased  a‘  bigger  value 
of  the  mixing  length  will  determine  a  smaller 
temperature  and  finally  a  greater  interrupting 
capability. 

Presently  the  models  are  not  enough  precise  for  being 
self-consistent.  They  require  yet  a  few  measurements  to 
adjust  them  and  to  make  a  quantitative  validation. 
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Figure  1:  Temperature  field  at  zero  current.  p=9 


Figure  2:  Axis  temperature  in  post-arc  phase,  p=8 
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Figure  3:  Limiting  curves  for  thermal  interruption 
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1.  Introduction 

It  is  considered  a  problem  of  the  current  density 
distribution  at  the  discharge  near  anode  area  with  regard 
for  a  non-linear  anode  drop  Ua  dependence  on  the 
current  density  j  for  the  anode  surface  of  different  form. 
The  paper  offers  analysis  of  the  situation  when  a  non- 
uniform  anode  drop  is  negative  and  cases  of  transition  to 
a  current  density  saturation  regime  on  a  part  or  the 
whole  anode  surface. 

2.  Physical  Model 

Plasma  is  separated  from  anode,  cathode  arid  walls  with 
a  space  charge  layer.  Layers  are  considered  as  thin, 
collisions  of  electrons  are  important,  conductivity  a  is 
discribed  by  a  Spitzer  formula,  electron  temperature  T* 
doesn’t  depend  on  the  coordinate,  therefore  CT=const. 
Given  a  cathode  drop  Uc  doesn’t  depend  on  j, 

U,=U3e-U„  U,=Up,-U„  U,=-(kTe/e)lnach/j), 

where  jcb  -  the  electron  chaotic  current  density. 
Expression  U,(j)  is  typical  for  low  pressure  discharges 
at  j<jch.  When  j=jch  a  positive  anode  drop  may  take 
place  [1]. 

3.  Mathematical  Model 

The  analogy  was  drawn  between  laws  of  a  direct  current 
density  distribution  and  electrostatic  field  strength.  To 
calculate  j(r,z)  integral  equations  method  was  used  [2]. 
The  problem  was  settled  by  a  successive  approximation 
method.  At  a  zero  approximation  distribution  j  was  at 
constant  potentials  at  anode  and  cathode  plasma 
boundaries.  The  obtained  dependence  ja(r)  was  used  to 
define  Ua(r)  for  Ua<0.  Then  a  further  new  distribution 
j(r,z)  was  found  and  so  on.  If  a  saturation  rejime 
occured  at  a  part  of  the  anode  boundary  a  value  of  the 
normal  component  jn=jch  was  specified. 

4.  Results 

Fig.  1  shows  a  configuration  of  the  discharge.  Fig.  2 
presents  ja(r)  for  different  forms  of  the  anode  surfaces  at 
an  electrostatic  approximation  (Ua=const,  Uc=const). 
One  should  note  an  essential  non-uniformity  j,  which 
leads  to  a  dependence  Ua(r).  The  influence  of  11,0)  may 
be  demonstrated  on  an  example  with  following 
parameters:  H  =  0.1  m,  r,  =  0.05  m,  R  =  0.016  m, 
kTe=3  eV,  (T=10‘‘  Ohm'^m'S  ieh=10*;  A/ml  The 


generatrix  of  the  anode  projection  is  two  sectors  of  the 
circles  Rc=0.016  m,  conjugated  at  the  angle  of  30°. 


Fig.  1.  Configuration  of  the  discharge.  1-  cathode. 
2  -  anode,  3  -.isolated wall. 


Fig;  2.  Relative  distribution  of  density  of  an  anodic 
current  for  the  different  forms  of  the  anode  at  an 
electrostatic  approximation. 

1  -  d,=45°  2  -  91=30°  3  -  9, =15°  4  -  9, =5° 
5-92^5°  6-92=15°  7-  92=30°  8-92=45°. 

Fig.  3, 4  show  dependencies  U,(r)  and  j,(r)  for  different 
U,.  As  soon  as  ja<jch  (curves  1,  2)  non-uniform 
distributions  Ua(r)  and  ja(r)  ara  realized;  vslien  j,  is 
higher  |Ua|  is  smaller.  When  the  saturation  is  attained  at 
a  part  of  the  anode  (curve  3)  or  on  its  'wfrole  surface 
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(curve  5)  Ua>0  to  provide  ja=jci,=const.  However  it  is 
impossible  to  realize  an  area  with  Ua>0  since  at 
saturation  this  part  of  the  plasma  surface  should  be 
equipotential  and  here  Ua=0.  Therefore  regimes  with 
Ua>0  are  prohibited. 


1  -  U,=5  V.  2  -  U,=8  V,  3  -  U,=9  V,  4  -  U,=10  V, 


5  -  U,=ll  V. 


Fig.  4.  Relative  distribution  of  density  of  an  anodic 
current  dependecies  for  the  different  Ui. 

1  -  U,=5  V,  2  -  U,=8  V.  3  -  U,=9  V.  4  -  U,=10  V, 

5  -  U,=ll  V. 

Fig.  5,  6  illustrate  distributions  U,  and  j,  considered  for 
Ua=0  at  an  area  with  ja=jch.  For  this  area  j,  depends  on 
the  coordinate,  which  is  just  the  case  of  the  simular 


dependence  jch,  i.e.  the  plasma  concentration,  from  r. 
But  this  dependence  is  defined  by  other  equations  and 
should  disagree  with  that  one  which  can  be  obtained 
from  the  solution  of  the  given  problem.  Therefore  the 
saturation  regime  can  be  realized  at  a  part  of  the  anode 
surface  only  in  exceptional  cases  when  distribution  ja(r) 
obtained  from  this  problem  solution  meets  JchCr)  get  with 
the  problem  solution  for  plasma.  This  agreement  can  be 
readily  attained  for  smaller  anodes  for  which  two- 
dimensional  effects  are  inessential.  In  this  case  one 
observe  Ua>0  [1]. 


Ua>0. 

1  -  U,=9  V,  2  -  U,=10  V 


Fig.  6.Distributions  jfr)  for  prohibited  regimes  with 

u„>o. 

1  -  U,=9  V,  2  -  U,=10  V 
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One-dimensional  model  of  the  vacuum  arc  plasma  zone 
in  three-liquid  hydrodynamics  approximations  is 
proposed.  It  is  assumed  that  atoms  evaporated  from  the 
anode  are  ionized  in  a  narrow  near  anode-zone,slow 
ions  obtain  quickly  a  Maxwellian  distribution  at  the  cost 
of  Coulomb  collisions,  deceleration  length  of  cathode 
stream  ions  exceeds  the  gap  length,  but  the  cathode 
stream  deceleration  is  essential.  Outside  the  narrow 
near-electrode  zones  streams  of  slow  anode  and  fast 
cathode  ions  are  kept,  electron  thermal  conductivity 
equalizes  the  electron  temperature.  Estimations  show  for 
the  electron  movement  equation  changes  in  the  kinetic 
energy  may  be  neglected.  By  obtaining  an  electric  field 
value  from  this  equation  and  putting  it  in  fast  (1)  and 
slow  (2)  ion  movement  equations  one  may  get  the 
following  (axis  X  is  directed  to  the  anode,  L  is  the  gap 
size): 


ds^  _  Zj  dp^ 
dy 


dy 


\M) 


1/2 


«1,  2,Z2 


a  t 


3/2 
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dy  dy  dy  a 
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The  balance  of  slow  ion  energy  takes  into  consideration 
the  ion  thermal  conductivity  and  friction  force  work  : 
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Equations  (l)-(3)  were  solved  numerically  with  regard 
for  quasi-neutrality  and  continuity  equations  for  fast  and 
slow  ions  and  boundary  conditions  at  anode  and 
cathode: 


ne=Zi  ni+Zy  nj ,  nj  e  =nie  ,  nj '  Ej  *"  =  y  •  ni,  (4) 
n,  (0)  =  n„ ,  0^(0)  =  nz, ,  Ta(0)  =  T,,  ,  T^Cl)  =T2.  (5) 


In  (1)  to  (5)  the  following  notations  are  used: 
y=X/L,  rie  =N5  /n*,  nj  =Ni  /n*,  =N2  /n*. 


£  ,  =E  ,  /E.  (0),  E2=E2  /E.  (0),  Pe  =Pe  /(E,  (0)  n*),  (6) 

P2=P2  /(E,  (0)  n*),  te=  (kTO/E,  (0),  t2=(kT2)/E,  (0) 

Indexes  “e”,’T”,”2”  are  referred  respectively  to 
electrons,fast  and  slow  ions,  ni^  -  the  concentration  of 
fast  ions  at  the  cathode,  y  -  the  ratio  of  citrrent  densities 
of  slow  and  fast  ions,  a  -  the  fraction  of  the  full  current 
transferred  by  fast  ions,  Ei  (0)  -  the  kinetic  energy  of  fast 
ions  at  the  cathode,  n*  and  nj  ^  are  defined  as  follows: 


g/(Q)  1  =—J- 

;r  •  In  A  Z  ’  fj  j*  ’ 


ifMY^ 

;r  •  In  A  Z  V  2  ) 


(7) 


Here,  j  -  the  arc  current  density.  The  set  of  equations 
(l)-(4)  with  boundary  conditions  (5)  makes  possible  to 
determine  a  dependence  of  electron  concentration,fast 
and  slow  ions,slow  ion  temperature  and  kinetic  energy 
(directed  velocity)  of  fast  and  slow  ions  on  the 
dimentionless  coordinate  y.  The  set  of  equations  was 
solved  numerically.  Physical  parameters  were  arc 
current  density,  fast  and  slow  ion  streams,velocities  of 
fast  ions  at  the  cathode  and  slow  ions  at  the 
anode,electron  temperature. 

Typical  calculation  data  are  presented  in  Fig.1-3.  One 
should  note  essential  heat  of  slow  ions,presence  of 
sufficiently  narrow  near-electrode  zones  with  a  high 
gradient  of  ion  temperature,presence  irregular  cathode 
stream  deceleration  and  rather  complex  law  of  slow  ion 
concentration  changes.  With  the  rise  in  anode  vapour 
concentration  at  a  given  current  density  value  the 
cathode  stream  deceleration  is  intensified  (particularly  at 
the  near-anode  zone)  due  to  a  strong  dependence  of  ion 
collision  Coulomb  section  on  the  relative  velocity.  In 
this  case  a  sharply  non-uniform  heat  is  developed  in  the 
gap  vdiich  affects  importantly  the  dependence  of  stream 
parameters  on  coordinate  y.  For  each  set  of  cathode 
stream  parameters  (and  value  of  te  )  it  is  possible  to 
determine  a  limiting  density  of  anode  vapours  '^^flich 
stops  the  cathode  stream  and  disturbs  uniform  current 
carrying.  The  corresponding  values  are  given  in  Fig4.  It 
is  to  be  pointed  out  the  limit  values  02,  are  in  agreement 
with  experimental  results  [1].  For  a  typical  quasi¬ 
stationary  a.c.  vacuum  arc  such  temperature  values 
may  be  attained  under  heating  the  anode  at  -Miich  the 
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anode  vapour  density  exceeds  a  critical  one  and  the 
cathode  stream  can  be  forced  away  from  the  anode.  In 
this  case  a  positive  anode  drop  may  appear  in  the  near¬ 
anode  zone,  anode  vapours  be  ionized  with  electrons  [2] 
and  the  gap  -  subjected  to  a  breakdown  resulting  in 
formation  of  an  anode  spot. 


The  culculations  were  executed  at  following  walues  of 
physical  parameters:  L=1  cm,  kTe=3  eV,  Ej  (0)=30  eV, 
n*=1.4*10‘’cm'^,  j*=210  A/cm^. 


0,2  0.4  0.6  0.8  Y 

Fig.l  Dependence  of  the  fast  and  slow  ion 
concentrations  and  the  slow  ion  temperature  on  the 
dimensionless  coordinate(njc=0.24,  n2a=3,5,  j/]*=3). 


Fig.  2  Dependence  of  the  fast  ion  concentration  at  the 
anode  on  the  anode  vapor  density (j/j*=3). 


max 


Fig.  3  Dependence  of  the  maximum  slow  ion 
temperature  on  the  anode  vapour  density  (j/j*=3). 


Fig.  4  Dependence  of  the  limit  anode  vapour  density  on 
the  arc  current  density. 
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Abstract. 

A  number  of  experiments  has  been  done  to  study 
characteristics  of  the  electromagnetic  radiation 
generated  by  arcing  on  anodized  aluminum  plate 
immersed  in  low  density  plasma.  The  low  Earth  orbit 
plasma  enviroiunent  was  simulated  in  a  plasma 
vacuum  chamber,  where  the  parameters  could  be 
controlled  precisely.  Diagnostic  equipment  included 
two  anteimas,  a  spherical  Langmuir  probe,  a  wire 
probe,  and  a  very  sensitive  current  probe  to  measure 
arc  current.  All  data  were  obtained  in  digital  form 
with  the  sampling  interval  of  2.5  ns  that  allowed  us  to 
study  the  radiation  spectrum  at  frequencies  up  to  200 
MHz.  We  found  that  the  level  of  interference  exceeds 
considerably  the  limitations  on  the  level  of 
electromagnetic  noise  determined  by  technical 
requirements  on  Space  Shuttle  operation. 
Experiments  with  two  independently  biased  plates 
have  shown  that  the  arcing  onset  on  one  plate 
generates  a  pulse  of  current  on  the  second  plate,  and 
that  the  secondary  current  pulse  has  a  significant 
amplitude.  We  emphasize  the  necessity  of  the 
elaboration  of  a  special  tool  for  designers  to  prevent 
the  adverse  consequences  of  arcing  on  ‘  spacecraft 
operation. 

1.  Introduction. 

Among  the  many  aspects  of  the  problem  there  is 
one  which  is  of  particular  interest:  arcing  oii 
spacecraft  surfaces  with  a  high  negative  potential  and 
its  consequences.  It  is  quite  obvious  that  arcs  are 
undesirable  events,  and  the  main  purpose  of  current 
research  is  to  elaborate  methods  for  arc  mitigation. 
Arcing  onset  is  a  stochastic  process.  Arcs  occur 
randomly  on  spacecraft  surfaces,  and  it  is  impossible 
to  predict  the  moment  and  site  of  arcing.  However,  it 
is  possible  to  determine  the  most  probable  sites  of 
arcing  and  to  prevent  the  adverse  consequences  by 
implementing  a  special  procedure  that  must  be 
elaborated.  The  greater  part  of  this  tool  exists  now. 
To  prevent  the  negative  consequences  of  arcing  at  the 
design  stage  it  seems  necessary  to  determine  the 
spectra  and  absolute  levels  of  electromagnetic 
radiation  generated  by  arcing  (EMI),  magnitudes  and 
pulse  forms  of  arc 
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current,  and  to  investigate  the  influence  of  arcs  on 
other  spacecraft  surfaces  situated  near  the  arc  site.  In 
the  present  paper  we  describe  the  results  of 
experimental  study  and  theoretical  analysis  that  were 
carried  out  to  elucidate  the  problems  named  above. 

2.  Experimental  setup. 

All  our  experiments  were  performed  in  a  vertical 
vacuum  tank  installed  at  the  NASA  Lewis  Research 
Center.  Vacuum  equipment  provides  pressure  as  low 
as  10'^  Torr.  Two  Penning  sources  generate  an  argon 
plasma  with  the  electron  density  /i,=(2-10)10*  cm'^  , 
temperature  r,=l-1.2  eV,  and  neutral  argon  pressure 
p=710"^  Torr  which  were  steady  during  the 
experiment.  An  anodized  aluminum  plate  (18X 18 
cm)  is  mounted  vertically  at  the  bottom  of  the 
chamber,  and  it  is  biased  by  a  high  voltage  power 
supply  through  the  resistor  R=100  kn.  Diagnostic 
equipment  includes  two  spherical  Langmuir  probes 
each  with  diameter  d=S  cm,  two  perpenicular 
antennas  each  with  length  /=50  cm,  and  two  wire 
probes  .  For  the  second  part  of  the  experiment,  two 
pairs  of  plates  were  installed  with  separations  of  L=25 
cm  and  50  cm  respectively ,  and  each  plate  was  biased 
by  an  independent  power  supply.  The  back  sides  and 
edges  of  plates  were  insulated  by  Kapton  films. 
Because  the  plates  themselves  have  a  low  capacitance, 
additional  capacitors  C=0.22  pF  (0.47  pF  for  some 
experiments)  were  installed  between  the  plates  and 
ground.  This  allowed  us  to  increase  the  electrical 
charge  collected  on  the  plates  to  more  adequately 
simulate  the  real  situation  on  the  spacecraft.  The  setup 
provided  the  possibility  to  investigate  the  influence  of 
an  arc  initiated  on  one  plate  on  the  processes  that  were 
going  on  on  the  second  plate.  All  data  were  obtained 
in  digital  form  with  the  sampling  interval  2.5  ns  . 
Thus,  we  are  able  to  study  electromagnetic  oscillations 
with  frequencies  up  to  200  MHz. 

3.  Experimental  results. 

a)  High  frequency  EMI.  Arc  discharge  current 
generates  both  plasma  waves  and  electromagnetic 
radiation  which  can  disturb  the  operation  of 
electronics.  The  experimental  study  of  plasma  waves 
has  shown  that  the  most  intense  waves  are  Langmuir 
waves  with  frequencies  up  to  20  MHz  for  LEO 
conditions  [1].  The  measured  electrical  field  strength 
EkQ.  1  V/m-MHz  could  be  considered  quite  significant 


XXHI ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


at  distances  of  a  few  meters  from  arcing  site,  and 
these  measurements  confirmed  the  necessity  of 
shielding  of  sensitive  electronics.  High  firequency 
tfansverse  electromagnetic  waves  occupy  a  wide  range 
on  the  firequency  scale  (  results  are  obtained  for 
200MHz),  and  their  magnitudes  are  quite  large  even 
though  the  spectra  demonstrate  a  drop  of 
approximately  20dB/dec  [1],  The  EMI  field  strength 
depends  on  the  bias  voltage,  decreasing  by  40  dB 
when  the  voltage  decreases  from  IkV  to  250  V.  The 
results  of  one  experiment  are  shown  in  Fig.  1.  For 
most  of  the  measurements  the  amplitude  of  voltage  in 
the  horizontal  antenna  is  almost  equal  to  that  in  the 
vertical  antenna.  However,  a  few  experiments 
demonstrated  some  difference  between  the  amplitudes 
of  signals  on  the  two  antennas.  Both  spectra  have 
some  common  features:  a  broad  peak  at  the  plasma 
frequency  f,  and  an  almost  flat  spectrxun  at 
fiequencies  f>f,  .  Because  all  measinements  were 
performed  in  the  near  field  zone,  the  attenuation  of 
low  frequency  waves  in  the  plasma  was 

negligible. 

b)  Plasma  effects  from  arcing.  The  amount  of 
electrical  charge  injected  into  the  plasma  is  equal  to 
50-100  pCl  for  all  of  our  experiments  (for  more 
details,  see  [1]).  We-  may  expect  some  kinds  of 
secondary  effects  on  the  independently  biased  plate 
mounted  near  the  plate  where  arc  occurs.  Our  first 
series  of  experiments  was  done  with  plates  mounted  at 
a  separation  of  L=25cm,  facing  each  other.  Two 
different  oscillograms  were  obtained  from  the 
experiment.  In  the  most  cases,  the  second  probe 
registered  a  low  amplitude  positive  current  pulse. 
However,  during  a  few  experiments  we  observed  an 
effect  that  could  be  called  “induced  arcing”  (Fig.  2). 
It  is  seen  from  the  graphs  that  an  arc  on  the  first  plate 
generates  a  negative  pulse  of  current  on  the  second 
plate,  and  both  amplitudes  are  comparable  .  This  kind 
of  event  can  not  be  explained  imtil  further 
experimental  work  will  be  done. 

4.  Conclusion. 

It  is  well  known  that  arcing  on  spacecraft  surfaces 
is  an  unavoidable  event  with  the  adverse 
consequences.  An  extensive  experimental  and 
theoretical  study  of  arcing  onset  and  its  aftermath  has 
been  carried  out  with  the  purpose  of  obtaining  the 
quantitative  characteristics  of  these  physical  processes. 
As  a  result  of  our  efforts  we  have  data  regarding  the 
arc  rate  dependence  on  the  bias  voltage  and  space 
enviromnent  parameters,  the  intensity  and  spectrum  of 
the  electromagnetic  interference,  and  some  other 
effects  on  the  conductive  surfaces  situated  near  the 
arcing  site.  We  believe  that  incorporation  of  the 
collected  results  in  a  well  elaborated  computer  code 
for  calculations  of  the  electrostatic  field  distribution 
along  the  spacecraft  can  provide  an  effective  tool  for 
designers.  The  realization  of  this  program 'will  greatly 
increase  the  reliability  of  spacecraft  operation. 


a) 


Thn*  (rwtero— o) 

b) 

Fig.2.  a)  Arc  occurs  on  the  plate  biased  -300  V. 
bjCurrent  probe  registers  pulse  on  the  second  plate 
biased  -250  V. 
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Abstract 

The  effects  of  the  self-generated  Lorentz  force  on 
the  electric  and  aerodynamic  behaviour  of  a  30kA  SFs 
arc  have  been  investigated  by  solving  mass, 
momentum,  energy  and  charge  conservation 
equations.  Radiation  and  turbulence  enhanced 
momentum  and  energy  transport  have  been  taken  into 
account.  Charge  conservation  provides  an  equation  for 
the  solution  of  electric  field,  the  computation  domain 
of  which  is  larger  than  the  domain  for  the  flow. 
Although  Lorentz  force  substantially  increases  the 
pressure  level  and  distribution,  the  change  in  arc 
voltage  does  not  exceed  10%.  The  influence  of  the 
Lorentz  force  is  restricted  to  the  region  close  to  the 
upstream  electrode. 

1.  Introduction 

It  is  well  known  that  the  Lorentz  force  due  to  the 
interaction  of  the  arcing  current  and  its  own  magnetic 
field  is  the  course  for  strong  gas  acceleration  in  a  free 
burning  arc  [1].  However  the  effects  of  the  self¬ 
generated  Lorentz  force  on  a  nozzle  arc  are  less  clear 
as  the  arc  also  bums  in  a  pressure  gradient  generated 
by  a  high  pressure  reservoir. 

The  objective  of  the  present  investigation  is  to  carry 
out  a  comparative  study  on  the  importance  of  the 
Lorentz  force  for  a  30kA  SFs  arc  in  an  enlarged  nozzle 
of  Benenson  et.  al  [2].  An  upstream  electrode  is  placed 
at  the  nozzle  inlet.  The  dimensions  of  the  nozzle  are: 
Throat  diameter=47.5mm.  Axial  distance  of  throat  to 
nozzle  inlet=59.4mm,  Nozzle  length=95mm.  Inlet 
diameter=95mm.  Exit  diameter=59.85  mm,  Electrode 
diameter=  19.5mm,  Axial  distance  of  electrode  tip  to 
nozzle  inlet  =  9.5  mm. 


Table  1 


Equation 

A 

r 

s* 

continuity 

1 

0 

0 

z- 

momentum 

w 

Pi  +  Ft 

-9p/5z 
+  JrBe 

+  viscous  terms 

r-momentum 

V 

Fi  +  Ft 

-5p/5r  -  Jz  Be 
+  viscous  terms 

enthalpy 

h 

(k4kt)/Cp 

oE^  -q  +dP/dt 
+  viscous  dissipation 

2.  The  Governing  Equations 

Computer  simulation  of  the  nozzle  arc  is  based  on 
the  solution  of  four  conservation  equations  which  can 
be  written  in  the  following  form 


V.(pF^)-V.(r^V«))=  5^  (1) 

where  (j)  is  the  dependent  variable,  p  the  gas  density 
and  V  the  velocity  vector.  The  source  terms  S,(,  and  the 
diffusion  coefficients  T  are  listed  in  Table  1  where  all 
notations  have  their  conventional  meaning.  The 
subscript,  1,  denotes  the  laminar  part  of  the  transport 
coefficient  and  t  the  turbulent  part.  The  boundary 
conditions  for  equation  (1)  are  detailed  in  [3].  SFe  arcs 
in  an  accelerating  flow  are  often  turbulent  [4].  Prandtl 
mixing  length  model  has  been  successfully  applied  to 
gas  blast  arc  although  it  requires  one  test  result  for  a 
given  nozzle  to  fix  the  turbulence  parameter  [4]. 
Details  of  the  calculation  can  be  foimd  in  [3].  For  the 
nozzle  used  it  has  been  found  that  c  =  0.04  is 
satisfactory.  The  magnetic  field  has  negligible  effect 
on  the  transport  properties. 

The  source  term  in  the  energy  equation  due  to  the 
arc  is  crE^-q  (Table  1).  Electric  power  input  ,  aE^,  is 
calculated  by  solving  the  current  continuity  equation 
in  the  form 

V  ■  (crV  ^  )  =  0  (2) 

in  a  rectangular  domain  which  is  larger  than  the  Flow 
domain,  y  is  the  electrostatic  potential.  The  potential 
of  the  transparent  current  collector  which  is  placed  at 
the  nozzle  exit  is  set  at  zero.  The  potential  at  the  end 
of  the  upstream  electrode  (flush  with  the  inlet  plane)  is 
iteratively  solved  until  the  total '  current  passing 
through  the  nozzle  is  equal  to  the  given  value,  d^yldn 
=  0  is  used  for  the  rest  of  the  boundaries. 

The  term  q  in  Table  1  represents  the  net  radiation 
loss  per  unit  volume  and  time.  A  semi-empirical 
radiation  transport  model  [5]  is  used  to  calculate  q. 
This  model  has  been  proven  to  be  sufficiently  accurate 
to  give  very  good  prediction  when  compared  with  the 
measure  radial  temperature  profile  in  SFe  [5]. 

The  magnetic  field  is  purely  azimulthal  due  to  the 
axisymmetric  distribution  of  the  current  density.  The 
magnetic  flux  density  is  calculated  by  Ampere’s  Law. 

3.  Results  and  discussion 

Version  2.0  of  PHOENICS  [6]  is  used  to  obtain  the 
results.  Body  fitted  co-ordinate  is  used  in  the  grid 
system.  A  total  cell  number  of  70x70  is  used  in  the 
flow  domain. 

The  most  evident  effect  of  the  self-generated 
magnetic  force  is  the  modification  to  the  pressure  field 
which  is  shown  in  Figures  1  and  2.  The  pressure 
difference  on  the  axis  with  and  without  the  magnetic 
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Figure  1  Pressure  and  temperature  contours  in  the  enlarged 
EPRI  nozzle  with  self-generated  Lorentz  force.  The 
upstream  stagnation  pressure  is  9  Bar  and  the  stagnation 
temperature  is  313k.  The  exit  pressure  is  2.5  Bar. 


Figure  2  Pressure  and  temperature  contours  in  the  enlarged 
EPRI  nozzle  without  self-generated  Lorentz  force. 


Pressure  (Pa) 


Axial  distance  from  nozzle  inlet  (m) 

Figure  3  Pressure  on  nozzle  axis  and  near  the  nozzle  wall. 
Solid  lines:  with  magnetic  force;  Broken  lines:  without 
magnetic  force.  Pressure  distributions  near  the  wall  for  the 
two  cases  are  nearly  identical. 

force  reaches  2  Bar  (Figure  3).  The  gas  near  the 
cathode  region  is  strongly  accelerated  by  the  magnetic 
driving  force  (Figure  4).  A  careful  examination  on  the 
results  shows  that  the  flow  velocity  and  the  enthalpy  at 
the  nozzle  exit  are  not  sensitive  to  the  magnetic  field. 
However,  the  increase  in  gas  density  due  to  the 
pressure  rise  in  the  arc  column  enhances  the  axial 
energy  convection  and  results  in  an  arc  voltage  which 
is  8%  higher  than  that  without  magnetic  field.  The 
energy  flow  rate  at  the  exit  is  shown  in  Figure  5. 

4.  CONCLUSION 

The  most  evident  effect  of  the  magnetic,  force  is  its 
modification  to  the  pressure  field  in  the  nozzle.  The 


Velocity  (m/s) 


Axial  distance  from  nozzle  inlet  (m) 

Figure  4  axial  velocity  component  on  nozzle  axis 


Energy  flow  rate  (V^ 


Racfiai  distance  from  nszle  axis  (n^ 

Figure  5  Radially  integrated  energy  flow  rate  at  the  nozzle 
exit.  The  upstream  stagnation  pressure  is  9  Bar  and  the 
stagnation  temperature  is  313k.  The  arc  voltage  for  the  30kA 
SFe  arc  is  447V  without  magnetic  field  and  472V  with 
magnetic  field.  The  exit  pressure  is  2.5  Bar.  Solid  lines: 
with  JxB  force;  Broken  lines:  without  JxB  force. 

difference  of  axis  pressure  with  and  without  the 
magnetic  force  can  reach  2  Bar  for  a  30kA  SFg  arc. 
The  increase  in  arc  voltage  (6%)  is  caused  by  the 
enhanced  axial  energy  convection  due  to  the  density 
increase  in  the  arc  column. 
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1.  Introduction 

High  pressure  arcs  in  predominantly  axial  flow  occur 
in  a  number  of  practical  applications  such  an  circuit- 
hrriakers,  arc  heaters  and  in  arc  welding.  The  stability 
of  the  arc  column  is  important  as  the  arc  properties 
depend  strongly  on  whether  the  flow  within  the  arc 
is  laminar  or  turbulent.  Previous  attempts  to  explain 
the  presence  of  instabilities  in  the  arc  rely  on  analo¬ 
gies  with  simpler  flows  whose  stability  properties  are 
known.  How'ever,  such  a  simple  approach  ignores  the 
many  closely  coupled  physical  processes  inside  the  arc 
column  and  cannot  give  a  reliable  picture  of  arc  in¬ 
stability.  The  purpose  of  this  paper,  therefore,  is  to 
approach  the  problem  more  directly  and  attempt  to 
give  at  least  a  qualitative  description  of  the  causes  of 
arc.  instability. 

The  extremely  complicated  nature  of  the  arc  govern¬ 
ing  ecpiations  necessitates  some  simplification  of  the 
l)roblem.  Our  analysis  is  therefore  restricted  to  the 
.self-similar  arc,  for  which  the  thermodynamic  prop¬ 
erties  of  the  arc  and  the  axial  velocity  gradient  are 
axially  c.onstant.  Such  arcs  are  found  close  to  a  stag¬ 
nation  point  at  an  electrode  tip  in  the  predominantly 
axial  flow  generated  by  a  constricting  nozzle.  The  self- 
similar  arc  captures  the  qualitative  features  of  more 
general  arcs,  while  reiiiaining  tractable  to  stability 
analysis. 


and  their  equilibrium  solution  can  be  found  numeri¬ 
cally  using  a  finite  volume  method  [2]. 

The  equations  are  perturbed  by  imposing  small  ax- 
isymmetrical  perturbations  of  the  type  p(r,  t,  z)  = 
/5(r)exp(fcjt -k  falog(z))  where  log(z)  is  introduced  to 
make  the  perturbed  equations  independent  of  z.  Per¬ 
turbations  to  each  of  the  quantities  in  the  governing 
equations,  including  all  the  gas  properties,  but  ex¬ 
cluding  the  pressure,  are  introduced.  The  use  of  the 
boundary  layer  approximations  to  simplify  the  diffu¬ 
sive  terms  and  remove  the  pressure  perturbation  in¬ 
curs  a  degree  of  approximation,  as  does  the  neglect  of  a 
radial  current  component.  For  a  self-similar  arc,  these 
approximations  can  be  shown  to  be  reasonable  [3].  The 
result  is  the  following  set  of  ordinary  differential  equa¬ 
tions  containing  two  parameters,  a  and  cj: 


dT'  .  /  u  du  udp  ,  .  ,  ,  1 

pu— — l-p(--(-  —  -t-T^+rn)-f-(l-k  ia)f  T 


dr 


r  dr  p  dr 


du' 


dr- 


dp 


+P^+  -  +  ■/  u'  +  {l  +  ia)pf'  =  0 

dr 


df 


dr 


-+-  1  pu  —  Bp - Bp 


dr  dr 
d.rj\  df 


-BPV~-13PV^+P±U‘ 


dr"^ 


dr  1  dr 


-k  {piiij  +  pfia)  /'  =  0 


2.  Stability  equations 

The  non-dimensional  conservation  equations  for  an  arc 
in  irredominantly  axial  flow  may  be  simplified  using  the 
boundary  layer  approximations  and  are 


.dp  Id  d 


du, 

’  df. 


du, 


dw  dp 


dh 


dh 


dh 


=  0 

=  Bp-§- 

=  Bp-^ 


rrj 


dw 

dr 


K  dh 
dr 


-k 


-~L 


aE^  -  Bqq 
dr  2'Kr  <jE 


where  all  notations  have  their  conventional  meaning 
and  the  normalisation  quantities  and  similarity  param¬ 
eters  are  given  in  [1].  The  thermodynamic  and  trans¬ 
port  properties  used  are  those  of  argon.  Radiation  is 
modelled  using  a  net-emission  coefficient  method  with¬ 
out  including  a  region  of  net  radiatiop  reabsorption. 
For  a  self-similar  arc  the  equations  call  be  simplified 


„  /  puh  1  d  (  r\  .d/i  dh 


dh\  d^ 
dr 


-BpKdi^^-^  -k  p^u'  +  (phiuj  +  pfhia^  T' 
dr^  dr  \  / 


(  dh  dh  „  1  d  (  .dh 
-k  pu—--\-pu—-Bp-~\rK— 
\  dr  dr  r  dr  \  dr 


dh 


2Ed(t>' 


+rK^  +dE'^  +BQq\T'  =  0 

'  r  dr 


dr 

/  / 
1  d^d'  ±  [JA  ^ 

err  dr^  dr  \ar  1  dr 


(T  dr  dr  \cr , 


where  the  hats  represent  differentiation  with  respect 
to  temperature,  /  =  dwfdz  =  wlz  is  the  axial  veloc¬ 
ity  gradient  and  </>  is  a  current  stream  function  intro¬ 
duced  in  order  to  replace  the  integral  equation  for  the 
current  with  a  differential  equation.  Axial  symmetry 
and  constant  external  flow  conditions  outside  the  arc 
provide  the  required  boundary  conditions  for  the  per¬ 
turbed  solutions.  A  current  source  is  assumed  so  the 
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Figure  1;  Amplification  rate  of  the  most  unstable 
mode  plotted  against  the  parameter  -21ogioBp  = 

f°o) 


total  current  remains  constant  although  the  local  cur¬ 
rent  density  is  perturbed.  Instability  is  investigated 
by  assigning  imaginary  values  to  oj.  The  value  of  a  is 
then  determined  by  satisfying  the  boundary  conditions 
through  the  governing  perturbed  equations.  Thus,  the 
])robl(;m  is  an  eigenvalue  problem  and  the  stability 
ecpiations  determine  the  corresponding  dispersion  re¬ 
lation.  The  perturbed  equations  are  discretised  using 
a  Chebyshev  collocation  method  [4]  and  the  resulting 
matrix  eigenvalue  problem  solved  using  the  QZ  and 
inverse  Rayleigh  iteration  methods  [3].  Instability  re¬ 
sults  if  ar,  the  imaginary  part  of  a,  is  negative  for  any 
value  of  w. 

3.  Results 

The  numerically  obtained  solutions  of  the  self-similar 
arc;  stability  equations  show  that  cu  =  0  produces  the 
most  unstable  behaviour,  although  the  dependence 
of  Of  on  uj  is  weak.  Similarity  theory  suggests  that 
two  similarity  parameters.  Bp  =  ki{PP and 
Bq  =  /c:2(T’/(I^/^))^^^,  rather  than  the  three  dis¬ 
charge  parameters  independently  should  determine  the 
stability  [1].  The  constants  h  and  k'z  depend  on  the 
values  chosen  for  the  characteristic  gas  properties  and 
for  simplicity  are  set  to  unity  here  and  foo  is  the  ax¬ 
ial  velocity  gradient  of  flow  external  to  the  self-similar 
arc.  The  residts  show  that  to  a  good  approximation. 
Bp  alone  determines  the  stability.  Figure  1  shows 
the;  numerical  results  obtained  for  10  <  I  <  lOOOA, 
2000  <  foo  <  ISOOOs-i  and  1  <  P  <  8  Bar  for  the 
amplification  rate  — Qj  plotted  against  the  similarity 
parameter  Bp^  with  cj  =  0.  The  scatter  of  the  points 
is  caused  by  the  weak  dependence  of  Q/  on  Bq.  The 
tendency,  towards  instability  at  large  values  of  Pl^foo 
is  clear,  with  the  critical  value  in  the  range  lO^^-lO^'*. 


The  predictions  of  stability  at  low  current  must  be 
treated  with  some  care.  Our  analysis  has  assumed  lo¬ 
cal  thermodynamic  equilibrium  and  this  may  be  vio¬ 
lated  at  the  low  temperatures  associated  with  the  low 
current. 

The  physical  cause  of  instability  can  be  determined 
from  the  terms  in  the  equation  for  the  mean  energy 
of  the  instability  [3].  For  the  argon  arcs  investigated 
here,  analysis  of  this  equation  shows  that  instability 
arises  in  the  shear  layer  between  the  arc  core  and  the 
surrounding  cold  gas.  The  instability  is  driven  by  the 
radial  gradient  of  the  density  which  is  very  large  in  the 
shear  layer  and  by  fluctuations  in  the  ohmic  heating. 
Fluctuations  in  the  ohmic  heating  always  have  a  desta¬ 
bilising  effect  [5]  but  the  numerical  results  show  that 
the  effect  in  argon  is  more  important  that  in  SFg  [3,  5]. 
The  thermal  conduction  and  to  a  lesser  extent  the  ra¬ 
diation  dissipate  energy  from  the  instability.  Thus  the 
process  causing  instability  is  quite  different  to  that  of 
the  simple  flows  commonly  used  as  analogies  to  arc 
stability. 

One  of  the  more  important  applications  of  argon 
arcs  is  in  arc  welding.  In  this  case,  the  arc  burns  in 
an  accelerating  flow  caused  by  magnetic  pumping  near 
the  cathode.  The  stability  of  the  arc  is  important  to 
the  welding  process  and  although  our  model  is  strictly 
applicable  only  to  the  self-similar  arc  there  are  simi¬ 
larities  to  the  free-burning  arc.  If  the  flow  generated 
by  magnetic  pumping  is  regarded  as  the  same  as  that 
produced  by  a  suitable  nozzle  shape  then  our  results 
can  give  a  qualitative  idea  of  instability  in  free-burning 
arcs  when  the  parameter  foo  is  adjusted  accordingly.  A 
quantitative  comparison  is  not  possible  because  fluctu¬ 
ations  in  the  magnetic  pumping  have  not  been  included 
in  the  analysis  and  these  may  be  important. 
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It  is  generally  agreed  the  local  thermodynamic 
equilibrium  (LTE)  state  takes  place  in  the  electric  arc 
plasma  [1],  This  point  of  view  is  predominating.  But 
our  experience  has  shown  that  this  widely  accepted 
assumption  is  invalid  often  [2], 


varied  between  2  and  8  mm  and  discharge  current  from 
3,5  to  100  A.  The  electrodes  was  placed  in  a  vertical 
position.  The  single  square  current  pulse  up  to  100  A 
was  put  on  the  “duty”  week-current  discharge.  The 
quasi-steady  mode  was  investigated. 


1.  Nonequilibrium  due  to  gradiental  effects 

The  state  of  plasma  plays  a  key  role  in  the  determining 
of  the  space  distribution  of  plasma  generated  particles 
density  in  the  arc.  For  example,  results  of  investigations 
of  electric  arc  plasma  between  evaporated  copper 
electrodes  in  LTE-assumption  exhibit  the  significant 
increasing  of  copper  vapour  content  at  the  arc  periphery 
at  every  its  section  [3,4].  Such  increasing  in  other 
authors'  papers  is  explained  as  a  result  of  demixing  due 
to  ambipolar  diftusion  [4].  We  have  shown  inaccuracy 
of  this  assumption  by  numerical  calculation  [3].  This  is 
corresponds  with  the  results  of  our  previous 
experiments  in  a  part  of  negligible  role  of  diftusion 
processes  in  electric  arc  plasma  [5]. 

We  consider  the  adequate  explanation  for  obtained 
results  is  departure  from  the  LTE-assumption  in  such 
plasma  due  to  another  kind  of  gradient.  Namely,  the 
partial  LTE  (PLTE)  is  caused  by  the  resonance 
radiation  transfer  in  the  nonuniform  plasma  having  the 
temperature  gradient.  Radiation  from  the  hot  arc  core  is 
able  to  overpopulate  the  resonance  level  of  Cu  atoms  at 
the  arc  region  where  temperature  is  relatively  small. 
Furthermore,  one  of  the  diagnostic  spectral  lines  Cul 
510.5  nm  is  ordinary  self-absorbed  in  any  experiment 
as  may  be  confirmed  from  checking  of  obtained  plasma 
parameter.  It  is  also  directly  shown  in  our  experiment 
based  on  the  laser  absorption  spectroscopy  technique 
[6]. 

The  comprehensive  calculation  allows  to  specify  the 
overpopulation  extent  of  the  atom  copper  resonance 
level  with  respect  to  the  ground  one  at  various  distances 
away  from  the  arc  axis.  This  effect  has  been  sufticiently 
universal  for  any  dense  plasma.  It  is  most  manifested  at 
the  periphery  of  the  specified  plasma  soitrce.  That  is 
why  it  went  largely  urmoticed  under  ordinary 
observations  along  the  axis  chord  of  the  plasma 
volume,  excluding  tomographic  procedure. 

2.  Simulation-adaptive  spectroscopy 

Plasma  was  produced  between  the  end  surfaces  of  the 
non  cooled  copper  electrodes  in  the  air,  each  having  a 
diameter  of  6  mm.  Interelectrode  distance  L  could  be 


The  initial  experimental  data  acquisition  was 
accomplished  by  the  tomography  spectrometer  based  on 
the  astigmatic  light-high  monochromator  and  the 
electrostatic  image  dissector.  It  allows  to  carry  out  the 
recording  of  radial  distributions  of  nonstationary  arc 
radiation  intensity  in  various  spectral  ranges 
simultaneously  [7].  As  a  result  the  radial  structure  of 
the  nonstationary  plasma  source  may  be  defined. 

This  paper  deals  with  problem  of  such  non-LTE  plasma 
diagnostic.  The  next  idea  of  simulation-adaptive 
diagnostic  procedure  is  proposed  (Fig.  1).  Starting  with 
the  LTE  approximation  plasma  parameters  are 
calculated.  In  this  case  observed  profiles  of  plasma 
radiances  (integrated  along  spans)  as  a  function  of 
distance  p  from  axis  in  a  number  of  spectral  ranges 
J(P,^)  are  used  as  initial  data.  In  the  result  of  inverse 
problem  solving  they  are  transformed  to  radial 
distribution  of  the  emission  I(r,  >^ )  in  the  assumption 


Fig.l.  The  diagram  of  simulation-adaptive  diagnostic 
procedure 

of  optically  thin  plasma.  Next  stage  includes 
iterative  process  of  collision-radiative  population  of  the 
ground  and  metastable  levels  of  plasma  particles  with 
account  of  radiation  transfer  in  resonance  lines.  The 
calculated  plasma  parameters  are  to  be  satisfied 
simultaneously  the  supposed  model  of  the  non-LTE 
plasma  and  initial  values  I(r,  Ln ).  The  last  operation  in 
this  cycle  is  checking  of  plasma  optical  thickness  in 
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diagnostic  spectral  lines.  The  simulation  is  over  if  the 
plasma  is  optically  thin.  In  the  contraiy  case  the  initial 
values  I(r,  ^  )  would  be  corrected  to  new  values  4  (r, 
and  temperature  T^.  Further  previous  cycle  would 
be  repeated  imtil  the  result  of  integration  of  radial 
distribution  of  the  emission  along  spans  with  account  of 
radiation  transfer  will  be  coincide  with  initial 
experimental  data  J(p,Xn).  This  iterative  process  is  over 
if  the  result  of  optical  thickness  checking  corresponds 
to  calculated  temperature  and  levels  population.  The 
proposed  method  allows  to  exclude  the  "catastrophic" 
increasing  of  the  copper  vapour  content  at  the  arc 
peripheiy  obtained  by  other  procedures. 

3.  Space  inodes 

The  feature  of  electric  arc  plasma  space  structure 
in  a  longitudinal  direction  is  existence  of  bright 
luminous  spots  nearby  electrode  vicinity  with  the 
characteristic  size  of  the  order  1  mm  at  each  of 
electrodes.  Purely  speaking,  an  electric  arc  is 
closed  through  these  formations  with  electrodes. 
The  arc,  as  such,  looks  like  as  the  less  bright 
formation  between  these  spots.  It  is  good 
distinguishable  if  interelectrode  distances  exceed  L 
S  4  mm.  In  other  case  these  visually  discernible 
separated  sports  are  merged  practically  together. 

As  illustration  in  Fig.2,a  are  presented  the 
examples  of  longitudinal  structure  of  different 
interelectrodes  distance  arcs.  Here  Ne"‘‘(x)  are 
integrated  along  a  diameter  the  electron  density 
values: 

N;"‘(x)  =  2I  Ne(x,  r)  dr,, 

0 

where  upper  limit  of  an  integration  R(x)  is  the 
radius  of  plasma  formation  in  appropriate  arc 
section.  Representation  about  its  absolute  value  in 
separate  section  at  L  =  8  mm  gives  Fig.2,b.  It  is 
possible  to  conclude  that  above  mentioned  spots  in 
electrode  vicinity  areas  correspond  essentially 
significance  of  electron  density  Ne. 

Thus,  it  is  possible  to  speak  about  electric  arc 
plasma  space  structure.  In  a  case  of  long  arc  in 
the  distance  from  electrodes  the  role  of  the  hot 
core  plays  zone  near  its  axis.  There  is  LTE  plasma 
in  this  zone.  PLTE  takes  place  in  the  outer 
periphery  region.  As  interelectrode  distance 
decreases  the  electrode  vicinity  area  with  the  high 
contents  both  electron  and  copper  vapours  are 
merged,  derivating  one  zone.  In  such  short  arc, 
where  L  5  d  (L  -  vapour  distance,  d  -  arc  diameter 
at  the  vapour  section)  or  in  the  vicinity  of 
electrodes  1  <  d  (l  -  distance  from  electrode)  the 
state  of  plasma  is  deviated  from  LTE  even  in  axis 
zone  due  to  influence  of  resonance  radiation  from 
cathode  spots.  For  example,  in  short  (L  =  2  mm) 
free-burning  electric  arc  between  copper  electrodes 
the  overpopulation  of  resonance  levels' of  Cu  atoms 


consists  of  one  order  with  respect  to  LTE  at  the 
discharge  current  30  A. 

Thus,  the  properties  of  free  burning  electric  arc 
plasma  in  copper  vapour  are  largely  determined  by 
its  non-uniformity. 


Fig.2.  The  longitudial  structures  of  electric  arcs 
with  L  =  2,  4,  6  and  8  mm  (a)  and  radial  structure 
of  electric  arc  with  L  =  8  mm  (b);  I  =  30  A. 
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Investigations  of  free-burning  electric  arc  in  copper  vapours 
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Radiophysics  Dept.,  Taras  Shevchenko  Kyiv  University,  252033,  Kyiv,  Ukraine 


Earlier  plasma  of  the  electric  arc,  free-burning  in  air 
between  copper  electrodes,  in  various  modes  of  arc 
operations,  was  experimentally  investigated  [1-3], 
Radial  distributions  of  temperature  T(r)  and  electron 
density  Ne(r)  are  measured  by  emission  spectroscopy 
methods.  Using  the  model  of  local  thermodynamic 
equilibrium  (LTE-assumption)  it  allows  to  calculate 
radial  population  distributions  of  any  copper  atom 
level.  Radial  distributions  of  absorption  coefficient  Kq 
in  centre  of  a  spectral  line  Cul  510.5  run  are  measured 
by  the  laser  absorption  spectroscopy  method.  It  allows 
to  calculate  the  appropriate  distributions  of  the 
metastable  level  population  of  Cu  atom  irrespective  of 
the  plasma  condition.  Really,  the  densities  of  absorbing 
particles  in  the  bottom  condition  of  the  considered 
optical  transition  Nk  in  a  case  of  Doppler  and 
Lorentzian  contours  are  accordingly  equal: 

Nk  =  9.2*  10'’koAA.d, 

Nk=  1.2  •  10'®KoA?il. 

The  estimated  values  of  half-width  Ak^  can  be  obtained 
from  measured  T(r)  and  AXl  -  from  Ne(r). 

In  Fig.  l,a  and  2,a  radial  distributions  of  Nk(r)  in  the 
average  cross  section  of  the  interelectrode  distances 
lak  =  8  mm  for  currents  3.5  and  30  A  are  given.  The 
diagrams  of  estimated  values  of  half-width  AX  of  a 
spectral  line  5 10.5  nm  in  case  of  Doppler  effect  and 
Stark  effect  for  two  different  values  of  broadening 
parameters  [4]  and  [5]  are  shown,  too  (Fig.  l,b  2,b). 
The  analysis  of  obtained  results  allows  to  make  the 
following  conclusions.  For  low  current  mode  of 
electric  arc  (I  =  3.5  A)  both  techniques  provide 
practically  coinciding  Nk(r)  (curves  1  and  2).  It  testifies 
that  the  LTE  is  established  in  chosen  plasma  section. 
And,  the  coinciding  just  these  curves  was  quite 
expected  as  in  conditions  of  rather  low  electron  density 
the  broadening  of  a  spectral  line  is  caused  by  Doppler 
effea  (Fig.l,  b). 

At  increasing  of  the  arc  current  (I  =  30  A)  results  of 
Nk(r)  measurements  by  both  techniques  differ,  as  a 
minimum,  by  half  order  (Fig.  2,  a).  Two  variants  of  an 
explanation  are  probable.  The  deviation  from  LTE  is 
realized  in  plasma  and/or  Stark  broadening  parameters 
are  incorrect.  Really,  in  this  case  Ne  is  increased  and 
the  contribution  of  Stark  effect  in  broadening  of  a 
spectral  line  in  a  zone  of  arc  conductivity  should  be 
comparable  to  the  contribution  of  Doppler  effect. 
Therefore  being  available  in  the  literature  and  used  for 
estimations  Stark  broadening  parameters  [4,5]  require 
further,  more  careful,  analysis.  ' 


r,  mm 


a 


r,  mm 


b 

Fig.l.  Radial  distributions  of  Nk(r)  (a)  and  estimated 
values  of  half-width  AX(r)  (b)  of  a  spectral  line  510.5 
nm  in  the  electric  arc  plasma  at  current  I  =  3.5  A; 
calculation  in  the  LTE-assumption  -  curve  1;  the  cases 
of  the  Doppler  effect  -  curves  2,  6  and  Stark  effect  for 
three  different  values  of  broadening  parameters:  [4]  - 
curves  3,  7;  [5]  -  curves  4,  8;  tenfold  value  of 
parameter  [4]  -  curves  5,  9. 
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Additional  width  measurements  of  the  spectral  line 
510.5  mn  in  one  of  arc  operation  modes  were  carried 
out.  The  contours  of  a  spectral  line  were  measured  by  a 
Fabry-Perot  interferometer.  This  technique  provides 
necessary  spatial  resolution  [3].  For  the  control  of 
obtained  results  independent  "rough"  measurements  of 
the  spectral  line  contour  were  carried  out.  Radiation  of 
complete  chosen  section  of  arc  column  was 
investigated  by  the  high-resolution  spectrograph 
(dispersion  -  2  mn/mm).  The  spatial  resolution  such 
technique,  naturally,  did  not  provide.  However  it  was 
possible  to  find  out  the  order  of  the  spectral  line  width. 
Is  shown,  that  Stark  broadening  parameters  [4,5]  for 
line  510.5  nm  Cul  are  underestimated,  as  a  minimum, 
by  the  order.  Therefore  Nk(r)  are  in  addition  calculated 
for  tenfold  value  of  broadening  parameter  [4]  (Fig.  l,a 
and  2,a,  curve  5).  The  obtained  results  confirm  the  use 
expediency  of  the  offered  specified  value  of  this 
parameter.  Thus,  it  is  possible  to  state  that  results  of 
measurements  by  both  techniques  are  with  confidence 
coinciding  for  the  whole  zone  of  discharge  conductivity 
for  arc  operation  mode  at  the  current  30  A  as  well 
(Fig.2,a). 

In  all  investigated  modes  at  the  arc  periphery  (outside 
of  the  conductivity  zone)  Nk(r),  measured  by  various 
methods,  do  not  coincide.  By  this  is  meant  that 
deviation  from  LTE  is  realized.  In  work  [6]  two- 
temperature  model  of  electric  arc  plasma  is  offered. 
According  to  it  at  the  periphery,  as  opposed  to  the 
axial  volume,  electron  and  the  heavy  components 
temperatures  do  not  coincide.  Not  neglecting  such 
opportuiuty,  we  nevertheless  consider,  that  at  the  arc 
plasma  periphery,  where  temperature  is  rather  small, 
there  is  the  deviation  from  LTE  owing  to  absorption  of 
resonance  radiation  from  the  high-temperature  axial 
zone  in  this  arc  area  [7], 
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Fig.2.  Radial  distributions  of  Nk(r)  (a)  and  estimated 
values  of  half-width  AL(r)  (b)  of  a  spectral  line  510.5 
run  in  the  electric  arc  plasma  at  current  I  =  30  A; 
calculation  in  the  LTE-assumption  -  curve  1;  the  cases 
of  the  Doppler  effect  -  curves  2,  6  and  Stark  effect  for 
three  different  values  of  broadening  parameters:  [4]  - 
curves  3,  7;  [5]  -  curves  4,  8;  tenfold  value  of 
parameter  [4]  -  curves  5,  9. 
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Generation  of  magnetic  field  by  acceleration  of  Hall  plasma 
and  some  consequences  of  this  process 
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Let  a  planar  flow  of  a  Hall  plasma  be  directed  across 
a  magnetic  field  H.  If  all  physical  quantities  do  not 
vary  in  the  direction  of  H,  the  equation  of  electromag¬ 
netic  induction  has  the  form 

^  =  j/AH-l-curl(vxH)-t-^V-x  (1) 

Ot  p  z 

Here,  we  take  the  channel  length  I  as  a  unit  length  and 
the  values  p*  and  of  p  and  H  in  some  characteris¬ 
tic  point,  as  a  unit  density  and  a  unit  magnetic-field 
strength,  respectively.  Further,  the  Alfven  velocity  at 
this  point  is  assumed  to  be  the  unit  of  velocity  v  and 
the  magnetic  pressure  Hi  /4rr,  to  be  the  unit  of  pressure 
P.  The  procedure  of  nondimensionalizing  is  described 
in  more  detail  in  [1].  Following  [1],  we  assume  the 
plasma  to  be  isothermal.  Then  the  state  of  the  plasma 
is  determined  by  three  constant  parameters:  the  mag¬ 
netic  viscosity  u  =  (where  Rm  is  ,the  magnetic 
Reynolds  number),  the  ratio  of  the  characteristic  gas 
pressure  to  the  characteristic  magnetic  pressure,  and 
the  quantity  ^  =  comi/ely/Anp,,  which  characterizes 
the  magnitude  of  the  Hall  effect  (here  cq  is  the  speed 
of  light). 

Evidently,  according  to  Eq.  (1),  the  magnetic  field 
can  be  generated  in  a  Hall  plasma  not  only  by  main¬ 
tained  motion  of  the  fluid  conductor  across  the  mag¬ 
netic  field  (as  in  the  case  of  ordinary  non-Hall  conduc¬ 
tors)  but  also  by  a  maintained  density  gradient  directed 
transversely  to  the  magnetic-field  gradient  VH. 

If  we  rewrite  Eq.  (1)  using  the  Euler  equation  with 
VP  =  c^Vp,  it  assumes  the  form 

-T- =  j/AH-1- curl(v  X  H) -f  — —  X  VH,  (2) 
at  '  p  dt 

where  =  /?/2  is  the  gasdynamic  sound  speed. 

We  see  that  the  Hall  effect  results  in  changes  of  the 
magnetic  field  precisely  in  those  regions  where  the  gra¬ 
dient  VH  transverse  to  the  flow  acceleration  already 
exists.  Therefore,  there  is  a  tendency  for  progressively 
smaller  scales  to  arise  in  the  distributions  of  physical 
values  in  the  direction  normal  to  the  flow  acceleration. 
Accordingly,  dissipation  becomes  progressively  more 
significant.  As  a  consequence,  an  equilibrium  between 
magnetic-field  generation  due  to  the  Hall  effect  and 
6'iss'ipa'tion  dnoiiid'oe  e^tEfo'iidnei  a'l;  a  siffiic'ierifiy  smci/i 
spatial  scale.  This  limiting  scale  is  a  measure  for  the 


sharp  transverse  nonuniformity  of  the  stationary  flow, 
which  arises  in  a  resistive  Hall  plasma  in  a  channel.  We 
find  the  small  limiting  scale  for  a  given  ^  value,  making 
simple  estimations  for  different  terms  of  the  stationary 
Eq.  (2)  (where  dH /dt  =  0  and  dv/dt  =  w  =  (vV)v). 

We  introduce  a  local  Cartesian  coordinate  system 
(p,rj)  with  the  stream-aligned  p-axis  and  the  trans¬ 
versely  directed  r;-axis  (from  the  anode  to  the  cathode), 
whose  origin  is  at  a  certain  point  which  we  denote  as 
(0,0).  Correspondingly,  the  velocity  component  u,,  is 
equal  to  zero  at  the  local  coordinate  origin  and  small 
in  its  vicinity.  This  provides  (vV)t;,,  (vV)up  or 

tuq  Wp. 

In  addition,  as  the  transverse  scale  is  small  {Ip  0), 
we  have  dH /dp  dH /dr),  and  the  Hall  term  in  the 
stationary  version  of  Eq.  (2)  proves  to  be  equal  to 


B  = 


^  HdH 

^  p  dt] 


(3) 


Here,  we  see  that  it  is  the  longitudinal  acceleration  of 
the  Hall  plasma  that  gives  rise  to  the  studied  effect 
of  the  generation  of  the  small-/,,  magnetic  field.  In 
other  words,  the  longitudinal  acceleration  of  the  Hall 
plasma  results  in  a  strong  transverse  nonuniformity  of 
the  plasma  flow. 

Now  we  compare  the  Hall  term  B  of  Eq.  (2)  with  the 
“convective  ”  term 

curl^v  xU)  =  -^{vpH)-  (4) 


To  estimate  the  first  term  in  the  right-hand  side  of 
Eq.  (4),  we  replace  the  acceleration  Wp  in  Eq.  (3)  by 
its  part  Vp{dvp/dp)  ~  v^/lp  (where  /p  <  1  is  the  char¬ 
acteristic  nondimensional  longitudinal  scale;  note  that 
Ip  ^  I ti)-  To  estimate  the  second  term,  we  replace  Wp 
in  (3)  by  its  another  part  Vp{dvp/dr]).  It  becomes  then 
evident  that  the  ratio  of  the  convective  term  to  the 
Hall  term  in  the  stationary  version  of  Eq.  (2)  does  not 
exceed 


^  Hvp 


We  restrict  our  consideration  to  channels  in  which  the 
gasdynamic  acceleration  is  not  too  strong  in  compar¬ 
ison  with  the  magnetic  acceleration,  assuming  that 
0  <  I  (or,  that  is  the  same,  <  1).  We  see  that 
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the  convective  term  proves  to  be  negligibly  small. 

Thus,  the  stationary  version  of  Eq.  (2)  acquires  the 
form 


ori  vc^  p 


(5) 


where  jp  —  dH /dr]  is  the  longitudinal  component  of 
the  electrical  current.  Thus,  we  infer  that  the  sought- 
for  small  transverse  scale  Ip  of  the  Hall-plasma  flow  is 
equal  to  7“^,  where 


7  = 


(6) 


Let  us  list  several  conclusions. 

(i)  The  inequality  7  ^  1  is  a  necessary  condition  for 
the  existence  of  a  stationary  Hall-plasma  flow  with  a 
sharp  transverse  nonuniformity. 

(ii)  We  find,  making  use  of  the  Euler  equation,  that 


^  V  {pY  dp  V  2c2 ) 


(7) 


Hence,  the  nonuniformity  of  the  stationary  Hall-plasma 
flow  is  stronger,  the  greater  ^  and  the  smaller  /?  =  2c^ 
and  V.  Further,  in  channels  with  a  significant  gasdy- 
namical  acceleration,  a  great  value  oi  =  WeVe  is 
necessary  for  the  Hall  effect  to  manifest  itself  in  the 
flow,  whereas  this  value  may  be  small  for  regimes  of 
magnetic  acceleration  of  plasma  (/?  -C  !)• 

(iii)  The  flow  is  most  strongly  influenced  by  the  Hall 
effect  in  the  vicinity  of  the  point  where  the  product 
of  H/p  by  the  longitudinal  acceleration  Wp  reaches  its 
maximum. 

(iv)  The  structure  revealed  in  the  flow  is  always  of 
fixed  polarity  in  the  following  sense:  for  accelerating 
channels  [wp  >  0),  the  value  |jp|  increases  in  the  anode 
direction. 

(v)  As  we  saw,  the  strong  transverse  nonuniformity 
of  the  Hall-plasma  flow  is  due  to  plasma  acceleration 
along  the  channel.  Basically,  the  longitudinal  acceler¬ 
ation  Wp  is  in  essence  determined  by  the  conditions  at 
the  inlet  and  outlet  of  the  channel,  the  magnetic  field 

being  created  by  the  electric  current  Y  directed 
predominantly  across  the  channel,  from  the  anode  to 
the  cathode.  According  to  Eq.  (5),  which  is  “linear” 
with  respect  to  jp ,  we  should  expect  a  sharp  nonunifor¬ 
mity  to  manifest  itself  in  the  distribution  of  the  small 
longitudinal  current  jp,  if  the  values  of  the  constant 
parameters  v,  andp  are  such  that 


7  = 


—  — Wp  »  1. 


(8) 


Then  the  nonstationary  disturbances  associated  with 
the  small  longitudinal  current  jp  can  also  be  clas¬ 
sified.  Indeed,  by  juxtaposing  the  left-hand  side  of 
Eq.  (5)  to  dH/dt  we  can  estimate  the  characteris¬ 
tic  time  <n,ag  ~  of  the  magnetic-field  varia¬ 

tion.  The  time  of  gasdynamic  response  to  magnetic- 
pressure  variations  is  fgas  ~  7“V‘^-  For  ^  c,  we 


have  fgas  •C  fmag)  and  gasdynamic  quantities  can  be 
considered  quasi-stationary  with  respect  to  the  time- 
dependent  magnetic  field.  On  the  contrary,  if  ^  c , 
we  have  fgas  fmag-  As  this  takes  place,  the  magnetic 
field  comes  into  conformity  with  variable  gasdynamic 
quantities  in  a  very  short  time  and  thus  behaves  as  a 
qu2isi-stationary  quantity.  In  this  case,  plasma  pertur¬ 
bations  appear  to  be  of  gasdynamic  nature.  Indeed, 
purely  acoustic  waves  were  found  by  analytically  solv¬ 
ing  the  full  set  of  equations  for  resistive  Hall-plasma 
flows  of  this  type  [2]. 

In  conclusion,  we  note  that,  due  to  the  smallness 
of  Ip ,  the  properties  established  above  for  planar  flows 
should  have  analogues  in  axisymmetric  resistive  Hall- 
plasma  flows  with  an  azimuthal  magnetic  field.  Isother¬ 
mal  flows  of  this  type  were  investigated  numerically  [1] . 
These  studies  have  revealed  such  flow  properties  as  the 
important  role  of  the  longitudinal  component  of  the 
electric  current,  the  regularities  in  the  dependence  of 
the  flow  on  the  parameters  pointed  out  in  conclusion 
(ii),  and  the  presence  of  the  near-anode  structure  de¬ 
scribed  in  conclusion  (iv). 

If  the  thermal  conductivity  of  the  plasma  is  taken 
into  account  in  numerical  simulations,  the  features  of 
the  phenomena  in  Hall-plasma  flows  are  found  to  be  of 
the  same  sort,  but  a  strong  local  heating  of  the  plasma 
occurs  in  the  region  near  the  anode  where  an  electric 
current  with  an  enhanced  longitudinal  component  is 
observed  (see,  for  example,  [3]). 
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1.  Introduction 

Plasma  sprayed  coatings  are  widely  used  in  various 
industrial  fields,  mainly  as  wear-,  corrosion-  and  heat- 
resistant  coatings  [1].  However,  their  distinctive 
microstructure,  which  consists  of  layers  of  thin  lamellae 
with  possible  inclusions  of  unmelted  particles,  pores  and 
crack  network,  can  limit  their  use.  The  microstructure  of 
these  coatings  depends  on  the  velocity,  size,  molten  state 
and  surface  chemistry  of  particles  impinging  on  the 
substrate  ;  These  parameters  are  linked  with  the 
macroscopic  input  parameters  of  the  spray  process  :  arc 
current  intensity,  plasma  and  carrier  gas  flow  rates, 
plasma  gas  nature,  injection  conditions  for  powders... 
Numerical  simulations,  thanks  to  their  capability  to  vary 
independently  the  different  parameters,  can  contribute  to 
a  better  understanding  of  the  phenomena  involved  in 
coating  formation  and  the  setting  of  on-line  process 
control. 

An  analysis  of  a  d.c.  plasma  Jet,  operating  under 
industrial  conditions  is  presented,  using  a  tridimensional 
commercial  fluid  dynamics  code,  ESTET  [2].  The 
influence  of  the  variation  of  arc  current,  primary  (Ar) 
and  secondary  gas  (H2)  flow  rate  on  plasma  flow  fields 
and  spraying  reproducibility,  is  discussed. 

2.  Mathematical  modeling 

The  ESTET  software  is  an  "hybrid"  code,  since  the 
discretisation  of  the  equations  is  made  using  both  finite 
difference  and  finite  volume  methods.  An  Eulerian 
formulation  is  used  for  the  gas  phase,  solving  the 
governing  equations  for  a  turbulent-gas  flow,  e.g.  the 
conservation  of  mass,  momentum  and  energy,  as  well  as 
the  conservation  for  each  species  of  the  gas  mixture. 
Computations  take  into  account  fluid  turbulence  using  a 
standard  k-s  model  [3]  with  a  correction  for  low 
Reynolds  numbers  (Launder  and  Sharma,  [4]),  e.g.  in  the 
potential  core  and  close  to  the  walls  of  the  injector  and 
substrate. 

The  gas  flow  model  is  based  on  the  following 
assumptions  :  the  plasma  flow  is  turbulent,  except  within 
the  potential  core ;  the  system  is  steady  and  in  local 
thermodynamic  equilibrium  (LTE) ;  the  plasma  is 
optically  thin.  The  thermodynamic  and  transport 
properties  of  the  mixture  consisting  of  plasma  gas  and 
air  are  determined  using  Wilkes  mixing  laws  from  the 
properties  of  pure  gases  [5]. 

The  modeling  domain  and  the  boundary  conditions  are 
shown  in  Fig.l.  A  rectangular  mesh  is  used  (the  axial 
direction  is  set  to  y-coordinate),  subdivided  in  a  non- 
uniform  49*43*43  grid.  ; 


Figure  1  :  the  calculation  domain 
At  the  two  inlets  of  the  domain,  the  torch  exit  and  the 
powder  injector  exit,  the  values  of  the  different  variables 
are  fixed.  At  the  torch  exit,  standard  velocity  and 
temperature  profiles  are  used  (after  [6]).  The  remaining 
part  of  the  entrance  plane  (y=0)  is  considered  as  a  wall 
(condition  C2),  as  well  as  the  exit  plane  (y=100  mm) 
whose  temperature  is  fixed  initially  at  300K.  The  other 
boundaries  are  free  (condition  C3),  i.e.  an  imposed 
pressure,  set  equal  to  1  atm  is  considered. 

3.  Results  and  discussion 

The  plasma  torch  operates  at  600A  and  65V  with  a  torch 
efficiency  of  55%,  resulting  in  an  effective  power 
dissipated  in  the  gas  of  2 1 .5  kW.  The  plasma-forming 
gas  is  a  mixture  of  Argon  and  Hydrogen.  The  plasma  jet 
issues  in  ambient  air  at  300K  and  at  atmospheric 
pressure.  Decreases  of  10%  and  20  %  in  total  power,  as 
well  as  decrease  of  20%  in  Ar  or  H2  flow  rate,  are 
investigated.  In  the  last  two  casbs,  it  should  be 
emphasized  that  a  decrease  in  the  gas  flow  rate  results  in 
a  variation  of  the  arc  tension,  that  is  a  variation  of  the 
power  supplied.  Table  1  summarizes  the  various 
conditions  used  for  the  present  study. 


Test 

Effective  power 

Ar  flow  rate 

H2  flow  rate 

number 

input  (kW) 

(slm) 

(slm) 

l(ref) 

21.5 

45 

15 

2 

19.3 

45 

15 

3 

17.1 

45 

15 

4 

20.8 

36 

15 

5 

20.D 

45 

12 

Table  1  :  plasma  spray  parameters  chosen  for  numerical 
simulations 


The  powder  injector  is  located  4  mm  downstream  of  the 
torch  exit,  8.5  mm  off  the  axis.  The  carrier  gas  flow  rate  (Ar) 
is  fixed  to  5  slm,  which  corresponds  to  the  optimal  value  for 
the  spraying  of  zirconia  powders  (particle  size  range  :  22-45 
pm) ;  it  ensures  that  the  median  particle  trajectoiy  makes  an 
angle  of  3-5°  with  the  plasma  jet  axis.  Therefore,  most  of 
particles  cross  the  hottest  zones  of  the  plasma  flow  and  reach 
the  optimum  acceleration  and  heating. 
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Figures  2  and  3  show  the  isovalues  of  temperature  and 
entrained  air  mass  fraction,  respectively,  in  a  plane 
orthogonal  to  the  torch  axis,  for  the  reference  case  (test 
1).  The  latter  corresponds  to  the  spraying  conditions 
approved  by  the  torch  manufacturer  for  aforementioned 
zirconia  powder.  When  the  jet  expands  in  the 
atmosphere,  it  transfers  a  part  of  its  kinetic  energy  to  the 
surrounding  air  which  is  progressively  entrained  within  it 
because  of  the  difference  in  density  and  velocity.  The  hot 
jet  core,  corresponding  to  the  plasma  forming  gas  not 
disturbed  yet  by  the  entrained,  cold  air,  remains  for 
approximately  20  mm.  Then,  the  onset  of  turbulent 
behavior  appears,  leading  to  a  rapid  decrease  in 
temperature  as  the  mass  fraction  of  entrained  air 
increases.  At  60  mm  from  the  torch  exit,  the  expanding 
jet  is  composed  of  70%  air,  and  the  turbulence  is 


Figure  2  :  isotherms  (test  1).  Lines  are  separated  by 


2000K 


Figure  3  ;  isovalues  of  air  mass  fraction  (test  1).  Lines  are 
separated  by  0.2 


1 - - - 

Isovalues  of  velocity 

Isotherms 

20  m/s 

1520  m/s 

500K 

12500K 

1 

Powder 

Injector 

Powder 

Injector 

1 

Lines  are  separated  by  300  m/s 

X :  position  of  the  jet  axis 

Lines  are  separated  by  2000K 

X :  position  of  the  jet  axis 

Figure  4  ;  isovalues  of  velocity  (a)  and  temperature  (b)  in 
the  injector  plane  (test  1). 


As  shown  in  Figures  4  (a)  and  (b),  the  effects  of  carrier  gas 
injection  are  very  weak  under  the  spraying  conditions  for 
zirconia  powder.  The  determination  of  the  Rm  parameter, 
ratio  of  plasma  jet  and  carrier  gas  momentum'  (taking  into 


account  the  temperature),  gives  in  these  conditions  a  value 
of  0.5,  which  means  that  the  influence  of  injection  is 
relatively  small,  since  it  has  been  shown  [7]  that  this  effect 
is  noticeable  when  Rm  value  exceeds  5. 


Test  number 

T„ax(K) 

^max  (Hl/s) 

1 

12900 

1760 

2 

12300 

1630 

3 

12000 

1575 

4 

11500 

1635 

5 

11100 

1606 

Table  2  :  maximum  temperature  and  velocity  on  plasma 
jet  axis  at  4  mm  downstream  of  the  torch  exit 


The  maximum  temperature  and  velocity,  on  the  jet  axis, 
at  a  distance  of  4  mm  downstream  of  the  torch  exit,  are 
reported  in  Table  2.  The  following  conclusions  may  be 
drawn : 

•  a  decrease  in  power  input  of  10  or  20%  results  in  a 
decrease  in  temperature  of  4  or  7%  respectively 
(tests  1,  2,  3). 

•  when  Ar  or  H2  flow  rate  diminishes,  the  arc  voltage, 
and  therefore  the  power  input,  are  decreased.  This 
causes  a  drop  in  temperature  and  velocity  (tests  4  and  5). 
This  effect  is  more  noticeable  when  H2  flow  rate  is 
changed. 

Only  weak  differences  are  observed  between  the  various 
runs  for  the  distribution  of  air  mass  fraction  in  the  jet, 
especially  for  tests  1  to  3,  showing  that  a  decrease  in 
power  input  has  a  weak  influence  on  air  entrainment. 
Indeed,  the  flow  velocity  dimmishes  but  in  the  same  time, 
temperature  decreases  too,  and  the  momentum  of  the 
flow  is  maintained. 

The  variations  in  intensity  and  voltage  which  may  be 
encountered  during  plasma  spraying  operations,  and  the 
related  modification  of  flow  fields  may  be  responsible  for 
a  variation  in  powder  treatment.  This  .study  appears  as  a 
first  step  that  should  be  completed  with  the  calculation  of 
particles  trajectory  and  thermal  history.  The  3-D 
resolution  is  essential,  to  predict  correctly  the  effects  of  a 
single  injection  point  as  well  as  the  shape  and  size  of 
particle  spot  on  the  substrate. 
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ABSTRACT 


2.  Flow-field  calculation 


Since  the  early  70's  and  the  development  of 
atmospheric  flights,  considerable  effort  has  been 
expended  to  numerically  compute  the  thermodynamic 
and  chemical  state  of  the  highly  nonequilibrium  air 
plasma  created  in  the  flow  around  hypersonic  vehicles. 
The  accuracy  of  such  models  can  be  tested  by 
comparing  experimental  spectra  with  an  air  plasma 
radiative  emission  simulation.  This  simulation  can  be 
achieved  in  three  steps  :  first,  the  computation  of  the 
chemical  and  thermal  flow  conditions;  second,  a 
collisional  radiative  model  (CR)  to  access  the  densities 
(rf  the  atomic  and  molecular  excited  states;  and  finally, 
modeling  of  the  corresponding  emitted  spectrum. 

This  wOTk  describes  the  first  results  of  the  coupling  of 
an  original  CR  air  model  [1]  with  a  hypersonic  flow 
field  calculation.  The  influence  of  chemical,  thennal 
and  radiative  nonequilibrium  on  the  shape  and 
intensity  of  the  emitted  spectrum  is  studied. 


1.  Introduction 

An  eleven-species  reactive  air  mixture  is  considered 
here,  including  Nj,  N,  O2,  O,  NO,  N2*,  N*,  02^ 
NO^  and  e'.  The  behavior  of  this  chemically  reactive 
and  thermally  exited  one-dimensional  flow  field  is 
described  by  the  Navier-Stokes  equations. 

In  this  first  attempt,  a  two-temperature  (T,Ty)  model  is 
built  and  equations  are  solved  using  an  implicit 
higher-order  symmetric  scheme  based  on  a  generalized 
Roe's  approximate  Riemann  solver.  The  gas  kinetic 
model  used  is  derived  firom  Park’s  model  [2],  where 
the  effective  dissociation  rates  are  controlled  by  an 
average  temperature  Ta=T°  ’Tv°'^. 

The  emperatures  and  densities  given  by  this 
aerothermodynamical  code  are  fed  into  a  CR  model  in 
which  the  populations  of  the  different  excited  states  are 
calculated  in  the  optically  thin  case  and  using  the  quasi 
steady  state  (QSS)  approximation.  It  is  also  assumed 
that  radiative  energy  losses  do  not  affect  the 
thermochemical  state  of  the  plasma. 


2.1  Governing  Equations 

One-dimensional  Navier-Stokes  equations 
incorporating  nonequilibrium  effects  are  written  in  a 
conservative  form: 
da  d¥ 
dt  dx  dx 

=  ((P.«)«ui>P“^  +  P-“(£  +  PX“£,r 
F,  =((A"J,=.ui-'^xx.9. -“T^.9v+ 

s=(w,=u.'0Aa-,+e,-c)" 

where 

=  I  1; 


E  =  X£,;(0+ £,(r.)  +  IpX  +{p«^ 


9.  =  -^%+«v+XpA“, 

Calculation  of  transport  properties  closely  follows  the 
example  of  Gnoffo  [3]  where  the  collision  integrals  are 
taken  and  reviewed  as  according  to  Raffanel  [4]. 

2.2  Vibrational  Model 

The  source  term  of  the  average  vibrational  energy 
equation  is  made  up  of  two  terms  which  mirror  the 
various  exchanges  between  the  different  modes. 


The  V-T  energy  exchanges  are  described  by  the 
Landau-Teller  formula 


eUr)-eUT) 

e.-,  =  I(  '  •  •  ) 


The  total  relaxation  time  for  each  molecule  s  is 
obtained  using  a  combination  of  the  Landau-Teller 
relaxation  time  and  a  vibrational  collision  time.  If 
anharmonicity  is  to  be  taken  into  account,  Losev’s 
expression  [5],  develqied  to  modify  the  Landau-Teller 
relaxation  time,  can  be  used. 


For  the  C-V  coupling  Olejniczak  [6]  proposed  the 
generalized  expression 


w{  E(T,T)  +  E(T,T) 

Q.-.  =  N,  I(-^— — •  — -) 

»»»/  M  . 
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where  tlie  mass  source  term  is  separated  in  two 
contributions:  s  =  +  "'I  . 

2.3  Numerical  Method 

An  implicit  second-order  accurate  TVD  scheme  using 
a  symmetric  modified  flux  approach  developed  by  Yee 
[7]  is  used  to  solve  the  Navier-Stokes  equations.  The 
Roe  average  state  for  the  nonequilibrium  gas  is 
determined  using  Liu  and  Vinokur’s  equation  [8].  The 
resulting  tridiagonal  matrix  system  is  solved  by  a 
biconjugate  gradient  method. 

3.  Coilisional-Radiative  Model 

An  extended  description  of  the  model  used  can  be 
found  in  [1],  The  ndothermic  rate  coefficients  for 
radiative  and  electronic  inelastic  collisional  processes 
(excitation,  ionization,  dissociation,  spontaneous 
emission,  radiative  recombination)  between  the 
different  electronic  molecular  states  are  calculated 
using  the  method  given  by  Bacri  [9].  For  all  collisional 
p-ocesses,  reverse  rate  coefficients  are  obtained 
applying  the  detailed  balance  relations.  A  plasma  that 
is  optically  thin  for  all  transitions  is  considered  and 
rate  coefficients  are  assumed  to  be  dependent  on  the 
vibrational  temperature  Tv  only. 

4.  Radiation  simulation 

Once  the  densities  of  the  excited  emitting  states  are 
obtained,  it  is  possible  to  simulate  radiative  emission 
of  the  air  plasma  in  a  given  spectral  window.  Because 
of  its  significance  in  reentry  plasma,  the  emission  of 
the  Na'*'  first  negative  system  in  the  385-395  nm 
spectral  region  has  been  particularly  studied.  The 
numerical  method  is  close  to  the  one  described  by 
Whiting  [10]  and  the  spectroscopic  constants  used  are 
taken  from  the  work  of  Klynning  [11].  Vibrational 
transition  probabilities  are  taken  from  Laux  [12]. 

5.  Results 

Emitted  intensities  have  been  calculated  in  four  cases, 
showing  the  influence  of  the  different  nonequilibria 
upon  the  spectrum.  The  flow  conditions  used  in  each 
case  are  summarized  in  Table  1 .  Chemical  equilibrium 
means  that  the  temperatures  and  pressure  obtained  in 
the  complete  model  (case  d)  have  been  used  to 
calculate  a  corresponding  chemical  equilibrium  plasma 
composition.  The  maximum  intensity  of  the  N2^  first 
negative  (0-0)  band  is  also  given  for  each  case, 
considering  that  the  integrated  intensity  of  each 
rotational  line  is  distributed  spectrally  with  a  Gaussian 
line  profile  having  a  0.2  nm  full  width  at  half 
maximum. 

The  normalized  profiles  obtained  in  the  different  cases 
are  exactly  superimposed  when  thermal  conditions  are 
equal.  The  intensity  ratio  between  the  (0-0)  and  (1-1) 
band  peaks  depends  only  and  weakly  on  Tv  (Fig.  1). 


6.  Conclusion 

The  coupling  between  a  ‘laboratory’ 
aerothermodynamical  model,  capable  of  easily 
integrating  various  physical  approaches  of  high- 
temperature  flow-field  phenomena,  and  an  original 
molecular  CR  model  should  allow  us  to  compare  our 
results  with  experimental  nonequilibrium  spectra.  The 
CR  model  used  is  markedly  different  from  the  one 
described  in  NEQAER  [13],  which  is  based  on  an 
extension  to  the  excited  states  of  Park's  rate 
coefficients  calculated  for  the  fundamental  electronic 
states. 
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Table  1  :  The  different  cases  studied 


T 

(K) 

Tv 

(K) 

Flow 

1 

(W  cm'^ 
sr '  ttm‘) 

Case  a 

10097 

10097 

Chem.  Eq. 

1.250 

Case  b 

10097 

7435 

Chem.  Eq. 

0.574 

Casec 

10097 

10097 

Chem.  Noneq. 

0.083 

Case  d 

10097 

7435 

Chem.  Noneq. 

0.025 

Fig.  1 :  Effects  of  thermal  nonequilibrium  on  band  spectrum 
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1.  Introduction 

Lithium  is  one  of  the  few  elements  which  isotope 
separation  by  ion  cyclotron  resonance  can  be 
demonstrated  in  laboratory.  Investigations  of  lithium 
isotope  separation  began  with  registration  of  selective 
cyclotron  heating  of  ions  ®Li'^  and  ’Li"^  in  plasma  [1]. 
After  that  microgram  amounts  of  hthium  were 
obtained,  where  *Li  isotope  concentration  corresponded 
to  separation  degree  q  =  Cp(l-Cf)/[Cf{l-Cii)]  >  80, 
where  Cp  is  resulting  concentration  and  Cf  is  initial 
concentration  of  the  isotope  [2].  Further  experiments 
were  devoted  to  obtain  extraction  coefficient  of  *Li 
from  the  plasma  flow  y  =  mpCp/(mfCf),  where  mp  - 
mass  of  ®Li  in  product  and  mf  -  mass  of  *Li, 
transferred  by  the  plasma  flow  during  the  collection. 
Results  of  the  enriched  hthium  collection  obtained  on 
the  collector  system  of  initial  constraction 
corresponded  to  the  value  y  <  0.10  with  q  S  19  [3]. 

To  increase  the  extraction  coefficient, 
investigation  of  isotopically  selective  heating  of  ions 
was  continued,  and  the  other  construction  of  the 
collector  system  was  used. 

2.  Experimental  installation 

Layout  of  the  experimental  installation,  described  in 
detail  in  [2],  is  presented  in  Fig.  1.  Longitudinal 
discharge  in  hthium  vapor  was  initiated  in  vacuum 
chamber  1  in  magnetic  field,  between  heated  cathode  2 
and  grid  anode  5.  Selective  heating  of  ®Li  was 
performed  using  65-cm  long  4-entry  hehcal  antenna  6 
with  spiral  step  65  cm.  Collector  system  7  was  placed 
at  the  end  of  the  heating  region. 

Principal  parameters  of  the  installation  are:  uniform 
magnetic  field  0.2-0.27  T;  hthium  plasma  density  ne  = 
10^^  cm'^;  diameter  of  the  plasma  column  is  6  cm; 
initial  electron  and  ion  temperature  Te,  Tj  =  4  ^  10  eV, 
temperature  if  ions  heated  under  ICR  conditions  up  to 
100  eV.  Frequency  of  the  RF-field  was  equal  656  kHz. 


Fig.  1  Scheme  of  the  experimental  installation 

The  measurements  of  plasma  parameters  and  ICR 
diagnostics  were  perfonned  using  double  electric 
probes  and  electrostatic  analyzers,  described  in  [2]. 


4  2  4 


Fig.  2.  Collector  system  desiga. 


Construction  of  the  collector  system  is  presented  in 
Fig.  2.  In  iiutial  construction  of  the  collector  system 
(Fig.  2a)  hollow  water-cooled  cyhnder  2  with  outer 
diameter  32  nun  and  irmer  diameter  26  mm,  covered 
from  plasma  flow  by  ring  water-cooled  screen  1,  was 
used  for  target  isotope  ions  collection.  Other  matter 
was  gathered  bn  inner  3  and  outer  4  waste  collectors. 

To  diminish  plasma  loss  on  screen  1  another 
design  of  collector  system  was  used  (Fig  2b)  with  disc 
screen  1  (0  20  mm,  2  mm  thick),  placed  under 
floating  voltage;  main  collector  2  of  enriched  hthium 
(0  16  mm)  and  additional  collector  3  of  enriched 
hthium  (0  64  mm).  Both  collectors  were  electrically 
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insulated  and  positive  voltage  Vr  =  0  150  V  relative 

to  other  parts  of  the  collector  system  can  be  applied  to 
them.  Left  part  of  cyhnder  4  (0  75  mm)  also  was  used 
as  a  screen  and  on  its  bottom  the  depleted  Uthium  was 
gathered.  All  parts  of  the  collector  unit  were  made 
from  copper  and  were  water-cooled.  Places  of  lithium 
deposition  are  marked  with  dashes. 


and  duration  of  deposition  3  min.  Values  of  base 
magnetic  field  for  collection  were  defined  from 
resonance  curves:  these  values  are  indicated  in  Fig  3. 
by  arrows.  These  results  are  presented  in  Table  1  (N  2, 
3).  Results  obtained  using  collector  system  of  initial 
design  (Fig  2a)  are  presented  for  comparison  (N  1). 

Table  1 


3.  Results  of  experiments 

Ion  cyclotron  resonance  in  moving  plasma  is  observed 
on  frequencies,  shifted  from  stationary  ions  resonance 
frequencies  coci  =  eB/Mj.  Value  of  this  shift  is  defined 
by  Doppler  effect,  and  its  value  is  equal  to  kzV„.  Here 
kz  is  axial  wave  vector  of  antenna  and  Viz  -  axial  ion 
velocity.  For  separation  of  isotopes  of  medium  and 
heavy  masses  the  value  of  Aco/ojci  is  about  1%  [4]. 
Frequency  difference  is  higher  for  Uthium  because  of 
big  Uthium  ions  velocity  Viz  >  10®  cm/c  and  relatively 
short  used  antenna  with  kz  ~  0.1  cm  \  Magnetic  field, 
created  by  this  antenna,  is  traveUng  in  axial  direction 
with  phase  velocity  Vph  =  -(o/kz  and  can  accelerate  or 
slow  down  ions,  in  dependence  of  Vph  sign.  This  effect 
of  antenna  magnetic  field  influence  is  described  in  [5]. 

Resonance  curves,  obtained  using  electrostatic 
analyzer,  are  presented  in  Fig  3.  The  curves  on  Fig  3a 
were  obtained,  when  Vph  tt  vjz,  and  the  curves  in  Fig 
3b  correspond  to  Vph  Vjz.  Value  of  the  retarding 
potential  Vr  in  electrostatic  analyzer  was  varied:  140  V 
at  Ia=150  A,  90  Y  at  Ia=100  A  and  40  V  at  Ia=150  A. 


Fig.  3.  Heated  ion  current  versus  detuning  of  resonant 
magnetic  field  for  stationary  ions  (Bq  =  0.256  T)  for 
different  RF  antenna  currents. 

As  it  is  seen  from  Fig  3,  increase  of  antemia  current 
led  to  additional  resonance  frequency  shift.  This  shift 
can  be  explained  by  acceleration  or  slow  down  of 
resonance  ions  in  axial  direction  under  influence  of 
transverse  component  of  RF  magnetic  field  [5]. 

In  these  experiments,  Uthium  samples  were 
taken  using  collector  system,  shown  in  Fig  2b,  at 
antenna  current  la  =  100  A,  at  two  directions  of  Vph. 


N 

collec. 

system 

relation. 

V„h  H  Viz 

total.  Li 

mass,  mg 

Ret. 

potential 

1 

2a 

V„,tt  Viz 

50,1 

20  V 

2 

26 

Vnhtt  Viz 

49,0 

40  V 

3 

26 

V„htt  Viz 

45,5 

40  V 

N 

mean 

cone. 

prodnet 
mass,  mg 

C(®Li)  in 
product 

extract 

coeff.  y 

1 

7,8 

2,9 

28,3 

0,21 

2 

7,1 

3,9 

26,5 

0,3 

3 

7,0 

3.0 

23.5 

0,22 

N 

waste 

mass.mg 

C(®Li)  in 
waste 

Li  mass  at 

screen,  mg 

C(®Li)  at 
screen 

1 

22,1 

4,4 

18,6 

7,5 

2 

37,1 

5,4 

8.0 

5.5 

3 

36,5 

5.6 

6,0 

7,5 

It  is  shown,  that  smaller  screen  surface  results  in  better 
extraction  of  the  target  isotope  from  the  plasma  flow. 
Comparison  of  results,  obtained  at  different  directions 
of  phase  wavefront,  showed  that  at  the  regime  of 
plasma  flow  “accelerating”  (Vph  tt  Viz)  higher  value  of 
extraction  coefficient  y  is  obtained. 
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1.  Introduction 

During  the  last  few  years,  various  studies  have 
been  devoted  to  the  study  of  unstable  and  chaotic 
regimes  of  plasma  discharges.  This  was  motivated  in 
part  by  the  necessity  to  extend  the  operating 
parameters  of  plasma  sources  in  technological 
applications  and  to  control  the  unstable  regimes  of 
the  low  pressure  infra-red  laser  systems.  In  fact,  this 
type  of  very  simple  plasma  systems  exhibits  many 
interesting  features  whose  investigation  is  valuable 
for  the  general  dynamical  smdy  of  nonlinear  sytems. 

In  recent  years,  the  ability  to  stimulate  or  control 
the  dynamics  of  chaotic  systems  as  been  pointed  out, 
for  instance  by  Hiibler  [1]  who  developped  the  H 
method  using  nonresonant  parametric  perturbations, 
or  by  Ott,  Grebogi  and  Yorke[2].  Delayed  feedback 
methods  have  also  been  proposed  by  Pyragas  [3].  All 
these  techniques  have  been  tested  on  various  chaotic 
sytems.  Among  these  techniques,  the  delayed 
feedback  method,  often  referred  to  as  the  TDAS 
method  (Time  Delay  AutoSynchronizatipn)  is  often 
most  easy  to  implement  on  physical  systems. 
Moreover,  this  method  is  not  very  sensitive  to  noise 
and  this  last  point  is  of  practical  interest  in  plasmas. 
The  success  is  however  not  granted,  because  it  is 
related  to  some  peculiar  topological  characteristics  of 
the  strange  attractor  associated  with  the  chaotic 
system  imder  study  [4]. 

Low-frequency  oscillations  of  various  discharges 
have  recently  been  studied  from  the  view-point  of 
nonlinear  dynamics  [5].  A  period  doubling  route  to 
chaos  was  observed  in  self-excited  ionization 
waves[6,7],  as  well  as  for  periodically  driven 
discharges  of  various  kinds.  Many  investigations  have 
been  focused  on  studying  the  relaxation  oscillations 
of  discharges  with  filaments  cathode  [8,9] 

The  system  considered  here  is  constituted  by  a  hot 
cathode  (  32  tungsten  filaments)  located  inside  a 
magnetic  multipolar  chamber  (stainless  steel  vessel 
equipped  with  rows  of  permanents  magnets).  The 
anode  is  the  wall  of  the  chamber.  The  emitted 
electrons  are  accelerated  in  the  electric  field  created 


between  cathode  and  anode  by  the  discharge  voltage 
supply.  This  classical  device  can  be  operated  in  two 
very  different  regimes,  namely  the  Anode  Glow 
Mode  (AGM)  and  the  Temperature  Limited  Mode 
(TLM).  The  AGM  is  obtained  at  low  discharge 
voltage,  close  to  the  ionization  potential,  leading  to  a 
low  electron  density  and  to  the  creation  of  ions  only 
near  the  anode.  In  the  TLM  on  the  other  hand,  ions 
are  produced  in  the  whole  volume  and  the  plasma 
density  is  limited  by  the  electronic  emission  of  the 
filaments.  Moreover,  self-oscillations  are  observed  at 
the  transition  between  AGM  and  TLM.  Numerical 
simulations  [10]  have  carefully  investigated  the 
mechanism  of  this  phenomenon.  The  period  of  this 
relaxation  instability  is  related  to  the  discharge 
voltage  and  the  collision  frequency,  i.e.  to  the  gas 
pressure.  Undriven  chaotic  regimes  have  already 
been  reported  [11].  Driven  regimes  are  very  easily 
chaotic,  exhibiting  a  low-dimensional  chaos, 
triggered  by  the  discharge  voltage  as  control 
parameter. 

We  are  reporting  here  on  the  dynamical  control  of  a 
low-frequency  driven  thermionic  discharge  in  the 
AGM,  allowing  to  extend  the  regular  regimes  of  the 
plasma  density  in  such  devices.  - 


2.  Experimental  results 

The  cylindrical  discharge  chamber  (80  cm  in 
diameter,  60  cm  in  length)  with  a  32-filaments 
cathode  is  filled  with  argon  at  a  low  pressure  (10  '  “* 
torr).  The  electron  density,  plasma  potential  and 
electron  temperature  are  measured  using  several 
Langmuir  probes.  The  discharge  is  obtained  using  a 
DC-power  supply  in  series  with  a  controllable  power 
supply  (DC-  100  kHz)  which  is  driven  by  a  sinusoidal 
function  generator.  We  obtain  then  a  modulated 
plasma  density  inside  the  chamber  in  either  the  AGM 
or  TLM.  Increasing  the  discharge  voltage  and 
chosing  a  driving  frequency  non-resonant  with  the 
natural  oscillation  frequency,  we  obtain  easily  a 
chaotic  regime  of  the  discharge  in  the  AGM. 
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Typical  frequency  spectra  corresponding  to  time 
series  recorded  by  the  Langmuir  probe  biased  in  the 
electron  saturation  regime  exhibit  broadened  peaks 
between  the  harmonics  of  the  driving  frequency.  A 
munerical  analysis  of  long  time-series  has  been 
performed,  giving  an  estimated  dimension  D=2.2  ± 
0.4  .  Classical  analysis  leads  to  the  conclusion  that 
this  system  is  a  low-dimensional  chaotic  system. 

The  control  method  used  [7]  is  derived  from  the 
TDAS  method :  the  real-time  chaotic  signal  is 
digitized  and  processed  inside  FIFO  memories  in 
order  to  obtain  a  delayed  signal.  This  delay  is  chosen 
equal  to  the  period  of  the  targeted  unstable  periodic 
orbit  (UPO),  namely  the  period  of  the  driving  signal. 
The  delayed  and  real-time  signals  are  then 
substracted  in  order  to  get  an  error  signal  which  is 
applied  to  the  control  parameter  (discharge  voltage). 
Figure  1  displays  the  transition  between  the 
imcontrolled  and  controlled  regimes  for  the  probe 
signal  (trace  a)  and  the  control  signal  (trace  b).  A 
transient  high  level  control  signal  is  obtained  during 
the  controlling  process.  The  control  signal  is  reduced 
afterthat  to  a  low  level.  This  last  point  is  consistent 
with  the  standard  schemes  of  chaos  control.  The 
intrinsic  high  sensitivity  to  initial  conditions  of 
chaotic  systems  is  the  basic  reason  for  obtaining  a 
dynamical  control  of  this  nonlinear  system  with  only 
a  very  weak  perturbation. 


3.  Conclusions 

We  have  obtained  the  control  of  a  driven 
thermionic  discharge  in  the  anode  glow  mode 
exhibiting  low-dimensional  chaos  using  a  time-delay 
autosynchronization  method.  The  low-level  control 
information  is  derived  continously  from  the  signal  of 
a  monitoring  Langmuir  probe  and  applied  to  the 
control  parameter  (discharge  voltage). 
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Figure  1 

Time-series  of  the  probe  signal  before  and  after 
switching  on  the  control.  The  second  trace  is  the 
control  signal  exhibiting  the  transient  high  level 
allowing  to  target  the  UPO  corresponding  to  the 
period  of  the  driving  signal. 
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1.  Basic  equations 


The  self-organization  final  stage  of  a  large-scale  high 
magnetic  field  structure  in  the  turbulent  pressureless 
plasma  is  considered.  It  is  suggested  that  mean  magnetic 
field  is  purely  force-fi-ee,  V  x  B  =  yB  ,  and  is 

maintained  both  by  a  large-scale  plasma  flow  v  and  by 
a  turbulent  MHD  dynamo  action  (a  -  effect  [1]  is  taken 
into  accoimt).  Within  the  fi'amework  of  one-dimentional 
model,  in  Cartesian  coordinates  the 

dimentionless  values  B  ,y,v  have  the  form 
5  =  {cos^,sin ^,o} ,  y  -  d(p{t ,z)l dz  , 
V  =  {o,o,v(r,z)}  , 

where  the  magnetic  shear  (p  and  velocity  v  obey  the 
equations  [2,3] 

d(p  dm  1  d'^m  _ 

dt  dz  Re„  dz^ 


(1) 


d(p 

dz 


R.  + 


d(p 

dz 


+  Re, 


dv 

dz 


=  0  . 


Here  Re„  =  VL/t],  =  uL/t],  ?;=  +  ?7r> 

F  is  a  velocity  and  L  a  length  characteristic  of  the 
system  considered,  cr  is  a  dynamo  coefficient  that  is 
assumed  to  be  constant,  7^  and  7^.  are  the  respective 
magnetic  diflusivities  of  the  ohmic  and  turbulent  origin. 


and  peaks  at  z  =  0,  where  y(o)=  2i?„  .  Electric 

current  concentrates  in  the  vicinity  of  AQ^-plane,  plasma 
moves  toward  this  plane  on  each  side  of  it  and  magnetic 
field  vector  is  rotated  through  one  complete  revolution 
as  it  runs  the  entire  length  of  z-axis.  It  should  be  noted 
that  the  current  density  drops  in  order  of  magnitude  even 
at  a  distance  of  A  «  3  away  fi-om  the  plane,  but 

the  plasma  velocity  at  the  distance  comprises  mora  than 
half  its  maximum  value. 

Thus,  one  possible  steady  state  of  the  force-free 
magietic  field  in  the  turbulent  resistive  plasma 
corresponds  with  a  compression  of  the  plasma  into  a 
layer  with  net  electric  current  inside  being  equal  to  zero. 
In  so  doing,  both  the  convective  transfer  of  the  magnetic 
field  into  the  layer  by  mean  plasma  flow  and  the  dynamo 
action  maintain  precisely  the  steady  force-free  field 
against  its  decay  owing  to  magnetic  diffusion.  At  infinity 
the  magnetic  field  is  a  potential  one  (7  tends  to  zero)  and 
is  in  opposition  to  a  positive  direction  of  x-axis. 
Therefore,  the  electric  field  generated  by  turbulent 
dynamo  in  the  current-free  plasma  must  be  balanced  by 
an  external  homogeneous  electric  field  in  the  form 

E  =  {i?„,0,0}.  It  may  be  concluded  that  the 

expressions  (2)  describe  a  continuous  one-dimentional 
model  of  the  force-free  ZNC  layer  placed  in  the 
homogeneous  collinear  electric  and  magnetic  field. 

3.  P-effect  in  the  force-free  ZNC  layer 


2.  Zero-net  -current  (ZNC)  layer  solution 

One  exact  solution  to  (1)  corresponding  to  a  “force-free 
wave”  with  y  =  =  constant  has  been  discussed  in 

[3].  There  exists  another  exact  stationary  solution  to  (1) 
that  gives 

5.  =  [l-(i?.^)']F(z),  B^  =  -2i?„zF(z), 

(2) 

y  =  2R^F{z),  v  =  -2R^zF(z)/Re„, 
where  F(z)  =  -1- (/?„z)^  j .  These  relationships 

are  plotted  in  Fig.  1.  The  function  7  is  not  constant  here 


It  is  necessary  to  stress  that  a-effect  plays  a  crucial  role 
in  the  formation  of  ZNC  layer  because  the  solution  (2) 
to  equations  (1)  disappears  in  the  limit  a->  0.  This  is  a 
reason  to  consider  the  characteristics  of  MHD 
turbulence  in  the  force-free  magnetic  field. 

In  so  much  strong  magnetic  field  the  turbulence, 
possessing  the  property  of  magnetic  field  generation, 
can  be  present  only  as  a  random  MHD  waves  of  two 
modes:  Alfven  waves  and  fast  magneto-acoustic  waves 
with  nearly  equal  frequencies.  The  wave  turbulence  may 
acquire  nonzero  mean  helicity  .of  the  velocity 
fluctuations  u  needed  for  an  existence  of  a-effect 
(or  oc  (m  •  (V  X  «)) )  by  virtue  of  nonlinear 
interaction  between  the  waves  of  distinct  modes.  But,  as 
is  shown  in  [4],  this  interaction  causes  concurrently  the 
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spectral  transfer  of  large-scale  magnetic  field  helicity 
5  •  (v  X  5)  = to  the  short-wave  region  of 

magnetic  fluctuations  b  .  This  in  turn  gives  rise  to  the 
main  nonlinear  dynamo  process  -  so  called  p-effect  - 
wherein  the  coeflScient  a  in  (1)  has  to  be  replaced  by  a 

sum  of  a  +  p,  vkfiere  P  cc  {b -{y  y.  .  The 

coefficient  p  is  always  opposite  in  sign  to  a,  that  is  why 
p-effect  may  weaken  the  dynamo  action  tangibly. 

The  quantity  p  is  governed  by  equation  [5]  that  can  be 
represented  in  the  case  of  the  force-fi-ee  mean  magnetic 
field  and  high  conducting  plasma  ->  O)  as 

(3, 

\\fiere  is  the  instantaneous  AlMn  velocity.  The 
solution  of  (3),  being  averaged  over  the  characteristic 
width  Z  =  2A«67j./a  of  ZNC  layer,  has  been 
found  for  the  function  y  fi’om  (2)  and  initial  condition 


P(t= 

=  0) 

=  0  in  the  form 

“ 

\ 

- 

a 

1  -  exp 

4 

-]c 

■]dT 

6 

3r] 

T  Q 

7 

As 

can  be 

seen 

fiom 

this 

expression. 

'■  — ^ 

00)  - 

-a/6  and 

a  + 

P. 

0.8  q: 

in  the 

steady  state.  It  means  that  the  main  part  of  magnetic 
helicity  of  the  large-scale  force-fi-ee  field  being 
considered  is  conserved  in  the  long  wave  region  of 
turbulent  spectrum.  Therefore  negative  influence  of  P* 
effect  on  the  formation  of  the  force-fiee  ZNC  layer  in 
turbulent  plasma  can  be  neglected  ,  to  a  first 
approximation. 

4.  Conclusion 

The  static  force-fiee  ZNC  layer,  as  applied  to  the 
problem  of  explosive  release  of  magnetic  energy  stored 
in  many  natural  objects,  has  been  considered  in  [6].  This 
layer  is  supposed  to  be  a  simple  model  of  linearly 
unstable  magnetic  configuration,  wfiich  may  be  formed 
and  energized  by  the  relative  or  differential  motion  of 
line-tied  ends  of  the  localized  part  of  pre-existing 
potential  field  imbedded  in  a  high  conducting  plasma.  In 
reality,  however,  convective  flows  of  the  plasma, 
stressing  the  initial  equilibrium  field  and  giving  rise  to 
its  energy  build-up,  are  far  more  complex  and 
diversified. 

Because  of  this,  the  study  of  the  nonlinear  magnetic- 
energy  release,  stored  in  the  dynamical  force-fiee  ZNC 
layer  by  the  opposing  large-scale  plasma  flows,  seems  to 
be  of  a  substantial  interest  for  understanding  of  the 
unstable  relaxation  of  magnetic  systems  being  often 
observed  both  in  astrophysics  (solar  and  magnetospheric 
activity)  and  in  laboratories  as  well. 


Fig.l.  The  distributions  of  the  magnetic  field 
components  5,  (curve  a)  and  5^  (curve  b),  plasma 

velocity  v,^  =  v(Re,„ )  (coincides  with  curve 

b)  and  function  -  Y  l^a  (curve  c)  along  the  axis 

=  zR^  in  the  dynamical  force-fiee  zero-net-current 

layer. 
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1.  Introduction 

A  wide  range  of  phenomena  in  plasmas  is  described  by 
the  one-fluid  magnefohydrodynamic  equations  with 
isotropic  pressure.  Using  nondimentional  variables  the 
equation  of  steady  laminar  motion  of  the  plasma  may  be 
written  in  the  form 

MXv  V)v  -1-  (/?/2)Vp  +  fi  X  (V  X  5)  =  0,  (1) 

w4iereA/^  =vfc^  is  the  hydromagnetic  Mach  number, 
P=pI Pm  is  the  “plasma  beta”,  is  the 

Alfven  velocity,  p^=£^l2jjgis  the  magnetic  pressure. 
Since  in  the  nearly  incompressible  magnetized  plasma 
the  density  disturbances  propagate  with  velocity 
then  p,  « 1  for  slow  (subsonic)  motions.  As  this 
takes  place,  the  magnetic  field  to  a  first  approximation 
has,  according  to  (1),  force-fi'ee  structure  and  satisfies 
the  equations 

Vx5  =  yfi,  V-5  =  0,  (2) 

where  y  is  a  scalar  function.  An  immediate  consequence 
of  these  equations  is  that  BVy  =  0,  i.e.  y  is  constant 
along  a  force  line  of  the  field. 

Analysis  of  stability  of  the  magnetic  field  fi'ozen  into  a 
closed  volume  of  perfectly  conducting  plasma,  so  that 
magnetic  helicity  H=lABdV  (.4  =  V'xR)  is  a 

topological  invariant,  leads  to  conception  of  the  force- 
fi’ee  field  as  well.  In  this  case  magnetic  field  possessing 
a  minimum  of  energy  is  governed  by  equations  (2)  with 
constant  y  [I]. 

2.  Force-free  plasmoid  with  surface 
currents 

Further  a  quasistatic  expansion  (or  contraction)  of  the 
plasma  volume  bounded  by  the  sphere  r  =  R{t)  with 
axisymmetric  force-fi’ee  magnetic  field  inside  is 
considered.  The  rate  of  volume  change  is  assumed  to  be 
much  less  fiian  instantaneous  average  value  of  Alfven 
velocity  in  the  plasma,  i.e.  dR/dt  «  .  That  is  the 

force-free  configuration  may  be  treated  as  is  in 
equilibrium  with  external  plasma  at  every  instant. 
Following  integral  values  remain  constant  during  the 


evolution:  mass  m  of  the  plasma  and  azimuthal  magnetic 
flux  T',  both  are  confined  in  the  volume  r  <  i?,  as  well  as 
the  helicity  H  (three  invariants  of  the  process). 

It  is  supposed  that  force-free  magnetic  field  is  generated 
rapidly  in  the  domain  r  <  R{0)  embedded  in  an  infinitely 
conducting  plasma.  Then  surface  currents  are  present  on 
the  domain  free  boxmdary  over  a  period  of  ensuing 
evolution  of  the  force-free  plasmoid.  These  currents 
prevent  the  magnetic  field  penetration  into  outer  region 
and  create  an  extraneous  field  (para  to  magnetic  field  of 
volume  currents  in  the  plasma)  that  is  required  to  an 
existence  of  the  finite  force-free  system.  In  spherical 
coordinates  equations  (2)  have  a  solution  of 

“classical  spheromak”  type  [2],  whereby 

-  B^  =  0,  Bg  =  ^llnDy^  cosfi)sin0  for  r  =  R,  (3) 
where  0=:yR,  D  =  D(\]i)  -  constant.  According  to  (3) 
there  is  only  azimuthal  component  of  the  surface 

current  i  being  equal  to  i^  =  -Bg[R,0)f /Jq-  Parameter 

CO  must  obey  the  eqiiation  a?  =  tano  and  is  the  fourth 
invariant  of  the  process  considered  {co-  4.49...  for  a 
lowest  magnetic  energy  state  of  the  plasmoid). 

The  condition  of  a  slow  (adiabatic)  evolution  of  the 
plasmoid  may  be  expressed  in  the  form 

^ «  6'F =  inv,  (4) 

where  the  term  on  the  right-hand  side  is  constant  for  all 
i.  Therefore  an  inequality  (4)  comprises  a  criterium  for 
the  rate  of  change  of  the  plasmoid  radius  which 
preserves  the  force-free  character  of  the  magnetic  field. 

3.  Potential  function  of  the  force-free  system 

The  relationship  between  radius  R  and  gasdynamic 
pressure  on  the  plasmoid  surface  is  established  by  means 
of  a  potential  function  of  the  force-free  plasma  system 
confined  inside  a  closed  boundary  with  surface  currents 
by  external  medium  pressure.  By  a  potential  function  is 
meant  an  integral  energy  characteristic  of  the  magnetic 
system  a  variation  in  which  is  equal  but  opposite  in  sign 
to  an  infinitesimal  mechanical  work  of  the  forces 
operating  in  the  system.  If  an  expression  of  the  potential 
function  U  for  the  system  rmder  consideration  is  known 
then  a  condition  of  quasistatic  equilibrium  of  the  system 
is  represented  as  dUldR  =  0. 
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In  the  absence  of  external  medium  pressure,  the 
potential  fimction  of  the  spherical  axisymmetric  force- 
free  domain  with  surface  currents  has  been  derived  in 

[3]  in  the  form 

U„  =  UJR,  U,  =  o}HI2Mo-  (5) 
It  is  easily  seen  that  this  force-free  configuration  cannot 
be  even  in  quasistatic  equilibrium  because  of 
dU„fdR^0  for  any  R.  An  equilibrium  is  possible  in 
the  pressure-balanced  system  where  the  gasdynamic 
pressure  of  external  plasma  equalizes  the 
electromagnetic  forces  acting  on  the  surface  currents 
and  tending  to  expand  the  configuration. 

Let  p(t^  be  the  average  boimdary  pressure  of  external 

plasma  over  the  surface  of  the  sphere.  By  virtue  of  the 
fact  that  R  =  R(t"j,  the  time-dependent  pressure  p  may 

be  rewritten  as  p  =  When  radius  R  gains  a 

variation  SR,  an  infinitesimal  work  of  the  surface 
pressure  forces  becomes 

(cW)^  =  p{r)SV(r),  (6) 

where  is  the  variation  of  spherical 

volume.  From  (5)  and  (6)  it  follows  that  the  potential 
function  for  the  force-free  system  involved  has  the  form 

U  =  U„  +  U^  =  UjR  +  4^^p{R)R^dR.  (7) 

According  to  quasistatic  equilibrium  condition,  the 
relationship  between  R  and  p  can  be  obtained  from 
(7)  as 

(8) 

4.  Conclusions 

1.  The  model  of  linear  expansion  of  the  force-free 
plasmoid  from  volume  F  to  V  has  been  discussed  in 

[4] .  In  this  model  the  coodinates  x,  (/  =  1,  2,  3)  of  an 
arbitrary  point  lying  on  some  magnetic  line  vary  linearly 
in  the  laboratory  frame  of  reference,  so  that  x,'  =  ^,x,, 

=  const.  It  has  been  shown  that  magnetic  field  is  kept 
force-free  one  in  the  course  of  the  expansion  only  if 
^  for  any  i.  Equation  (8)  makes  it  possible  to 

express  the  parameter  ^  in  terms  of  the  mean  boundary 
pressure  as 

4=R{t')/R{t)=ijp{t)/p{t'),  t'>t. 

2.  It  should  be  noted  that  the  rate  of  change  of  the 
average  boundary  pressure  depends  strongly  on  the 
plasmoid  radius.  From  (8)  follows 

0  for/? -^00. 

dR/dt  /?’ 

The  rate  of  pressure  decrease  falls  steeply  compared  to 
the  rate  of  plasmoid  expansion  with  increasing  radius 
R .  Therefore  the  process  may  be  considered  as  going 
on  at  the  constant  “backgroung”  pressure  of  the  plasma 
outside  the  force-free  domain  late  in  the  expansion. 


3.  This  “background”  pressure  is  not  fully  arbitrary  one 

but  has  its  lower  limit.  For  example,  in  the  case  of 

constant-rate  adiabatic  expansion  of  the  force-free 

sphere,  when  /?(/)  =  /?(o)-t-af  (a  is  a  positive 

constant),  throughout  the  expansion  the  pressure  p 

must  satisfy  the  inequality 

a  4'¥J2l3m  . 

—=«  ^  =mv, 

WP  \l2coH(;tp,y 

following  from  (4)  and  (8).  The  minimum  p^^  of  the 
outer  pressure  depends  heavily  on  the  rate  of  expansion; 
a  comparison  of  two  regimes  with  gives 

p^V  =  lO-^p^W 

m  in  jt  m  in 

5.  Applications 

These  results  may  be  applied  to  further  development  of 
the  evolution  theory  of  solar-originated  magnStized 
plasmoids  (magnetic  clouds)  observed  in  the 
interplanetary  space  [4].  They  also  make  a  contribution 
to  the  study  of  compact  toroidal  magnetic  confinement 
devices  described  by  Taylor  relaxed  state  [5]. 

It  is  evident  that  the  principal  results  relating  to 
plasmoid  dynamics  are  valid  whether  force-free 
plasmoid  is  confined  by  gasdynamic  pressure  of  the 
outer  high  conducting  plasma,  or  it  is  situated  in  vacuum 
and  balanced  owing  to  the  magnetic  pressure  of  external 
confining  field  (in  the  latter  case  the  surface  currents  are 
absent  and  plasmoid  is  force-free  entirely).  For  example, 
adiabatic  expansion  may  occur  early  in  the  formation  of 
spheromak  configuration  in  the  plasma  produced  by  a 
coaxial  gtm  ^d  injected  into  the  confinement  chamber 
(flux  conserver)  [6].  On  the  contrary,  the  compression 
governed  by  (4)  and  (8)  may  be  expected  to  attend  a 
passage  of  the  relaxed  compact  toroids  through  the 
converging  section  of  high  energy  accelerator  like 
MARAUDER  [7].  In  both  cases  the  confining  magnetic 
field  is  generated  in  self-consistent  maimer  by  the  eddy 
currents  induced  in  the  well  conducting  walls  of 
experimental  setups. 
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1.  Introduction 

Gas  discharges  offer  a  paradigm  for  nonlinear 
processes,  which  in  recent  decades  have  received  a 
growing  interest  [1-5],  These  nonlinear  behaviours,  as 
it  is  well  known,  have  an  important  role  in  plasma 
physics.  Consequently  their  study  is  of  greatest 
importance.  There  are  now  several  works  reporting  on 
experimental  and  theorical  studies  on  nonlinear 
phenomena  in  plasma  systems  [1,6],  but  they  are 
mostly  made  through  a  local  measurement  of  the 
temporal  behaviour.  However,  to  improve  and  to  get  a 
better  understanding  of  chaotic  phenomena  and 
turbulence  in  spatially  extended  plasmas, 
spatiotemporal  investigations  are  needed.  The  goal  of 
this  paper  is  to  present  the  spatiotemporal  experimental 
investigations  of  the  chaotic  regimes  of  ionization 
waves  in  an  undriven  glow  discharge,  and  to 
demonstrate  that  it  is  possible  to  control  these  chaotic 
regimes. 

2.  Experiment 

The  experiments  are  carried  out  in  a  conventional  cold- 
cathode  glow  discharge,  filled  with  neon  gas  under 
pressures  from  1  torr  to  10  torrs.  The  discharge  voltage 
is  applied  between  the  end  electrodes ;  the  current 
discharge  can  be  varied  between  0  to  100  mA.  In  the 
chosen  pressure  range  the  plasma  is  collisional  and  a 
positive  column  forms  in  an  extended  region  of  the 
discharge  (30cm  in  length).  Ionization  waves  which  are 
related  to  the  modulation  of  the  electron  temperature 
and  to  the  subsequent  modulation  of  the  ionization  rate 
propagate  in  the  positive  column  [7].  Different  types  of 
ionization  waves  which  are  in  nonlinear  saturation  can 
propagate  simultaneously  in  the  discharge.  The 
existence  of  several  eigenmodes  with  strong  couplings 
leads  to  self-excited  chaotic  dynamics  [8]. 

The  discharge  current  fluctuations  are  measured 
through  a  resistor  inserted  in  the  discharge  circuit. 

The  local  fluctuating  wave  fields  are  observed  by 
detecting  the  fluctuations  in  the  light  emission  flux, 
using  fast  collimated  photodiodes.  At  aiming  to  make 
the  spatiotemporal  investigations  of  the  ionization 
waves  chaotic  dynamics,  a  fast  16-channels  VXI 
digitizing  plug-in  unit  is  used.  ;  It  performs 
synchronized  acquisition  of  the  signals  from  16  axially 


regularly  spaced  photodiodes.  The  signals  are  then 
stored  and  processed  in  a  computer.  A  digital 
oscilloscope  and  a  high  resolution  spectrum  analyzer 
are  also  used. 

3.  Results 

Typical  ionization  waves  regimes  observed  in  a  neon 
glow  discharge  are  shown  in  figure  2  and  3  ,  where  the 
signals  are  plotted  versus  time  and  space.  It  is  obvious 
that  the  two  regimes  shown  below  are  basically 
different :  the  first  (figure  2)  is  a  periodic  regime,  while 
a  detailed  analysis  of  the  second  has  shown  typical 
features  of  a  chaotic  regime. 

The  control  of  these  chaotic  regimes  has  been  achieved 
using  two  different  methods :  the  Time  Delay 
Autosynehronization  method  (TDAS)  [9,  10],  and  the 
Spatial  Autosynehronization  method,  in  which  the 
signals  obtained  from  two  distant  axially  movable 
detectors  are  substracted,  using  a  differential  amplifier. 
The  amplifier  output  signal  is  applied  to  the  control 
parameter  (discharge  current),  achieving  thus  the 
control  of  the  chaotic  regime. 


Figure  1:  Experimental  set-up 
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Axial  Position  (cm) 
Figure  2:  Periodic  regime  of  ionization  waves. 


When  switching  on  the  control  in  the  chaotic  regime, 
the  s>'stem  remains  chaotic  during  a  certain  time 
interval  until  the  stable  orbit  is  approached. 

Such  transient  dynamics  which  precede  the 
stabilization  of  a  periodic  orbit  are  studied  by  means  of 
spatiotemporal  investigations. 

4.  Conclusion 

Undriven  chaotic  regimes  of  ionization  waves  in  a  neon 
glow  discharge  have  been  investigated  from  extended 
spatial  analysis  for  spatiotemporal  behaviours. 

Chaotic  regimes  are  controlled  using  two  different 
control  techniques. 

The  chaotic  and  periodic  transient  dynamics  preceding 
the  stabilization  of  a  given  periodic  orbit  has  also  been 
experimentally  studied. 


Axial  Position  (cm) 

Figure  3:  Spatiotemporal  chaotic  regime  of  ionization 
waves 
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The  appearance  of  spherical  coherent  space 
charge  configurations,  in  the  form  of  a  fireball  or  of  a 
plasmoid,  is  a  phenomenon  well  known  by  the 
physicists  that  have  worked  in  d.c.  and  h.f  gas 
discharges.  Concerning  their  spontaneous  appearance, 
recent  investigations  have  proved  the  presence  of  the 
same  self-organization  mechanism  [1,2].  In  this  paper 
we  present,  additionally,  a  comparative  study  of  the 
generation  process  and  the  behavior  of  a  nearly 
spherical  fireball  formed  in  a  low  voltage  d.c.  arc  and 
of  a  plasmoid  formed  in  a  h.f  electric  field. 

The  presence  of  the  self-organization  process 
can  be  evidenced  by  plotting  the  diagram 
(characteristic)  of  a  system  parameter  as  a  function  of 
a  control  parameter.  The  nonlinearity  evidenced  in 
this  characteristic  related  to  hysterezis  cycles, 
bistabilities,  oscillations,  period  multiplications,  and 
transitions  to  chaos,  are  strong  arguments  for  the 
presence  of  self-organization  [3,4]. 


PLASMOID  OR  FIREBALL 


VACUUM 


Fig.  I  Experimental  device 

The  experimental  device  is  schematically 
shown  in  Fig.  1.  It  consists  of  a  plasma  source 
containing  a  heated  wolfram  wire  whose  potential  is 
biased  negatively  with  respect  to  the  surrounding  steel 
vessel.  At  the  one  end  of  the  vessel  a  glass  tube  is 
attached.  It  contains,  at  its  free  end,  a  circular  plate 
anode  (A).  The  steel  vessel  is  connected  at  a  vacuum 
device.  The  working  gas  (Argon)  is  introduced  through  a 
needle  vane  at  pressures  in  the  range  10'^-^  10'^  Torr.,  One 
obtain  the  typical  I(V)  characteristic  shown  in  Fig. 
2(a)  by  increasing  and  decreasing  slowly  the  positive 
voltage  of  A.  In  this  characteristic  the  current  I 
collected  by  A  represents  the  system  parameter  and  the 
anode  voltage  V  the  control  parameter.  As  known  [1- 
3],  the  nearly  spherical  space  charge  configuration 
appears  in  front  of  the  anode  when  its  voltage  reaches 
a  certain  critical  value  for  which  the  current  suddenly 
increases.  This  behavior  proves  that  for  this  critical 
value  the  ohmic  resistance  of  the  gaseous  conductor 
suddenly  decreases.  The  single  possible  explanation  of 


this  sudden  resistance  decrease  is,  in  our  opinion,  the 
formation  of  an  electrical  double  layer  at  the  border  of 
the  fireball,  able  to  act  as  a  source  of  new  charged 
particles.  Evidently,  this  is  possible  when  the  potential 


Fig.  2  Critical  points  in  the  diagram  in  which  the 
system  parameter  current  is  plotted  as  a  function  of 
the  control  parameter  anode  voltage,  related  to  the 
self-organization  scenario  at  the  origin  of  the 
spherical  space  charge  configuration;  Vi-appearance 
of  the  negative  resistance  branch  (a); 
spontaneously  formation  of  the  fireball  attached  at  the 
A  surface  (a)  and  of  the  plasmoid  (b);  Vs-transition 
into  an  oscillatory  regime;  V^-disappearance  of  the 
oscillatory  regime;  Vs-disruption  of  the  fireball  (a) 
and  of  the  plasmoid  (b) 

developed  over  the  double  layer  reaches  or  exceeds  the 
ionization  potential  of  the  Argon  (15.6V).  The 
presence  of  such  a  potential  gradient  is  proved  by 
measurements  performed  with  a  heated  probe  and 
presented  in  Fig.  3.  The  diminishing  of  the  internal 
resistance,  firstly  evidenced  by  the  negative  slope  of 
the  I(V)  characteristic,  appears  when  the  ionization 
cross  section  suddenly  increases.  Consequently,  a 
relative  great  number  of  electrical  charged  particles  is 
produced. 

In  order  to  prove  the  possibility  to  determine 
the  transition  from  the  nearly  spherical  fireball 
attached  at  the  anode  surface  into  a  free  floating 
plasmoid  sustained  by  a  high  frequency  electric  field. 
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we  have  placed  the  region  around  A  within  two  plates 
Pi  and  P2  connected  to  a  high  frequency  oscillator.  The 
h.f.  energy  of  the  oscillator  can  be  varied  continuously 
by  the  mean  of  the  screen  grid  voltage. 


ANODE  SURFACE  DISTANCE 
Fig.  3  The  axial  potential  in  front  of  the  anode  of  the 
plasma  diode  when  he  fireball  is  present 

We  perform  our  investigations  producing  firstly  the 
nearly  spherical  fireball  attached  at  the  anode  by 
fixing  its  voltage  at  the  first  critical  value,  V2.  If, 
under  these  conditions,  a  h.f  electric  field  is  created 
within  the  two  plates  Pi  and  P2,  it  becomes  possible  to 
determine  the  detachment  of  the  fireball  from  the 
anode  surface  and,  after  that,  its  further  sustenance 
only  by  the  h.f  electric  field.  Using  the  same  heated 
probe  we  have  measured  the  allure  of  the  potential 
around  and  inside  the  spherical  space  charge  structure, 
i.e.  the  plasmoid.  The  measurement  results  are  shown 
in  Fig.  4  and  prove  a  similar  internal  structure  as  that 
of  the  fireball  produced  in  the  d.c  discharge.  Using  as 
a  system  parameter  the  energy  transferred  from  the 
oscillator  through  the  discharge  and,  as  a  control 
parameter,  the  screen  grid  voltage,  we  obtain  the 
diagram  presented  in  Fig,  2(b).  This  diagram  shows 
also  the  presence  of  critical  points.  The  fifst  one,  V2, 
in  which  the  energy  transferred  to  the  discharge 
abruptly  increases,  proves  a  sudden  diminishing  of  the 
discharge  impedance.  Evidently,  such  a  behavior  can 
be  explained  in  the  same  way  as  for  the  current 
increase  showed  in  Fig.  2(a),  i.e.  the  creation  of  a  new 
source  of  electrical  charged  particles.  This  fact  appears 
when  the  potential  drop  on  the  spherical  double  layer 
that  borders  the  plasmoid  becomes  equal  or  greater 
than  the  ionization  potential  of  the  Argon. 


Fig.  4  The  axial  profile  of  the  potential  through  the 
plasmoid 

The  described  results  prove  that  both  the 
formations  of  the  nearly  spherical  fireball  attached  to 
the  anode  of  a  d.c.  discharge  and  of  the  plasmoid 
generated  by  the  h.f  electric  field  are  related  with  the 
nonlinear  behavior  of  the  system.  In  both  cases  the 


spatial  coherence  of  the  structures  is  assured  by  an 
electrical  double  layer  that  protects  the  system  from 
the  surrounding  plasma. 

Another  critical  point,  V3,  present  in  both 
characteristics,  is  related  to  the  transition  into  an 
autonomous  state  evidenced  by  the  fact  that  the 
spherical  double  layer  detaches  from  the  anode  surface 
and  runs  through  the  plasma  column,  toward  the 
plasma  source.  The  periodical  formation  and 
disruption  of  the  double  layer  in  front  of  the  anode  [3] 
are  accompanied  by  a  periodical  exchange  of  matter 
and  energy  with  the  surrounding  environment.  This  is 
evidenced  in  the  appearance  of  periodical  modulations 
of  the  system  parameters  [3],  The  presence  of 
hysteresis  phenomena  when  the  control  parameter  is 
slowly  decreased  proves  also  that  both  coherent 
structures  have  the  ability  to  memorize  their  past 
history,  a  phenomenon  usually  proper  to  self- 
organized  systems. 

On  the  basis  of  these  experimental  results  we 
conclude  that  it  is  possible  to  control  the  transition 
from  a  fireball  generated  in  a  d.c  discharge  into  a  h.f 
plasmoid.  After  the  disconnection  of  the  d.c,  power 
supply  the  existence  of  the  spherical  space  charge 
structure  is  sustained  by  radiation  energy  produced  at 
resonance. 

Our  results  prove  that  a  space  charge 
structure  whose  coherence  is  assured  by  a  spherical 
double  layer  behaves  as  a  cavity  able  to  absorb  radiant 
energy  at  resonance.  The  described  results  prove  also 
that  the  plasma  inside  the  cavity  is  heated  by  radiative 
energy  absorption  and  that,  due  to  the  difference 
between  the  electrons  and  positive  ions  mobility  and 
diffusivity,  it  becomes  possible  to  maintain  an  excess 
of  positive  ions  inside  the  plasmoid  nucleus.  The 
unstable  state  of  the  plasmoid,  already  described  as  a 
pulsating  phenomenon  [2],  relieves  its  property  to  act 
as  an  autonomous  body.  The  autonomy  of  the  system  is 
realized  by  a  periodical  exchange  of  matter  and  energy 
within  the  plasmoid  and  the  surrounding  plasma. 

All  the  above  briefly  described  experimental 
results  are  arguments  which  demonstrate  the  presence 
of  a  similar  self-organization  process  at  the  origin  of 
fireballs  formed  in  d.c.  discharges  and  of  plasmoids 
formed  in  h.f  electric  fields.  As  a  consequence  of  their 
similar  internal  structures  it  becomes  possible  to 
produce,  in  a  controlled  way,  the  transition  from  a 
fireball,  initially  generated  in  a  d.c.  discharge,  into  a 
plasmoid  whose  fiirther  existence  can  be  assured  only 
by  a  h.f  electric  field. 
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1.  Introduction 

The  control  of  the  chaotic  state  of  ionization  waves  in  the 
positive  column  of  a  periodically  driven  neon  glow 
discharge  was  achieved  by  an  active  feedback  technique 
[!]•  It  was  shown  that  an  unstable  periodic  orbits 
(UPO’s)  in  chaotic  state  could  be  stabilized  by  small, 
time-dependent  variations  of  the  modulation  amplitude. 

In  the  present  paper  there  has  been  studied  the 
phenomenon  of  self-organization  of  chaotic  regimes  in 
the  autonomous  striated  low-temperature  plasma  of  a 
neon  glow  discharge.  The  purpose  of  the  investigation  is 
to  explain  the  mechanism  of  self-organization  by  means 
of  analysis  of  UPO’s  inside  the  phase  space  chaotic 
atractor. 

2.  Methods  of  investigation 

The  experimental  set-up  consists  of  discharge  tube  (10 
mm  in  internal  diameter,  203  mm  in  length,  filled  with 
pure  neon,  pressure  3  Torrs),  current  supply  and  the 
equipment  for  measurement  of  the  integral  light  intensity 
X(t)  from  the  positive  column.  As  one  parameter  the 
discharge  current  was  varied  between  16.85  and  18.2 
mA. 

As  the  plasma  is  considered  to  be  an  open  system,  a 
method  of  renormalized  enthropy,  based  on  the 
Klimentovich  S-theorem  [2],  has  been  applied.  This 
method  serves  a  quantitative  measure  of  relative  degrees 
of  order  in  different  regimes  of  a  system.  In  our  case 
different  regimes  of  moving  striations  were  realised  at 
discharge  current  variation.  To  compare  the  relative 
degrees  of  order  in  two  different  regimes  “0”  and  “1” 
(two  time  series  recorded  at  corresponding  discharge 
currents)  there  has  been  calculated  a  deviation  of 
enthropies: 


AS  =  < 

>^0- 

■S\,  Xq^ 

(1) 

So- 

c  \rmax  ^  vfnax 

j^niax 

^0,1  = 

fo,i(X)lnfo^^(X)dX, 

(2a) 

0 
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(2b) 

0 


where  -  distribution  fimctions  calculated  from  a 

time  series  of  light  intensity  oscillations,  f  q^(X)  - 

renormalized  distribution  functions.  The  procedure  of 
such  renorming  was  discribed  in  [3].  The  positive  value 
of  AS  means  that  self-organization  has  occurred  in  the 
system  and  regime  “0”  has  less  order  than  “1”  one. 

Together  with  this  method  non-linear  dynamic  tools 
were  used.  There  has  been  reconstructed  the  attractor  in 
the  w-dimensional  phase  space  from  d  time  series  of  one 
observable  (it  was  the  light  intensify  obtained  from  the 
photoelectric  multiplier  fixed  at  some  point  of  axial 
position)  according  to  the  Takens  theorem  [4],  and  its 
correlation  dimension  has  been  calculated  by  means  of 
the  Grassberger-Procaccia  algorithm  [5].  Unstable 
periodic  orbits  have  been  extracted  from  the  attractor 
with  the  help  of  Lathrop-Kostelich  method  [6]. 

3.  Experimental  results 

With  the  “0”  regime  a  regime  at  a  minimal  discharge 
current  -  the  onset  of  chaos  -  was  used  in  our  case. 
Further  the  discharge  current  was  increased  and  we  had 
other  regimes  (more  chaotic  states  than  “0”);  we  named 
each  of  them  “1”.  They  were  analysed  versus  the  regime 
“G”  in  pairs.  The  calculated  enthropy  shows  that  the 
states  with  more  order  follow  the  ones  with  less  order 
(Fig.  1).  The  last  deviation  is  Sq-Si>Q  and  it  means 
that  self-organization  has  taken  place  in  our  system.  As  it 
will  be  shown  later  that  state  looks  like  a  quasi-periodic 
motion. 

Also  the  correlation  dimension  of  the  reconstructed 
attractors  versus  discharge  current  was  valued  and 
unstable  periodic  orbits  were  extracted  from  the  time 
series.  It  showed  the  route  “chaos  onset  -  chaos  - 
quasiperiodily”  that  meant  the  effect  of  self-organization 
in  our  system. 

Next  we  were  .interested  in  a  low-period  unstable  periodic 
orbits.  No  low-period  orbits  were  found  at  a  low  current, 
but  with  the  current  increased  many  unstable  periodic 
orbits  appear.  Looking  at  a  Poincare  section  (Fig.  2)  of 
three  different  regimes  of  the  plasma  one  could  suggest 
that  synchronisation  of  the  autonomic  chaotic  regime  or 
self-organization  of  the  complicated  behaviour  of  moving 
striates  occurs  through  two  unstable  periodic  orbits. 
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Figure  1 ;  Characteristics  of  the  striated  plasma  dynamics 
versus  discharge  current:  light  gray  columns  -  deviations 
of  enthropies  (10‘A5),  black  columns  -  correlation 
dimensions  of  the  phase  space  attractors 


Figure  2:  Poincare  sections  of  the  phase  space  attractors: 
xj  =  X(ti  -  2  t),  y;  =  X(ti  -  t),  z^  =  X(ti)  -  const.  Discharge 
current  (mA);  a)’-  16,85,  b)  -  17,4,  c)  - 18,2 

4.  Conclusions 

By  means  of  the  method  of  renormohzed  entropy,  based 
on  the  Klimentovich  S-theorem,  there  has  been  found  self¬ 
organization  of  moving  striations  in  a  neon  discharge.  The 
measurements  of  correlation  dimension  of  reconstructed 
attractors  at  different  discharge  currents  and  Poincare 
section  also  confirm  that  phenomenon.  The  analysis  of 
unstable  periodic  motions  shows  that  mode-locking 
regimes  appear  through  two  base  orbits  that  correspond  to 
domains  of  points  at  a  Poincare  section.  It  makes  us 
suggests  an  analogy  with  the  chaos  control  algorithm  [7] 
though  achieved  without  any  temporal  program,  only  by  a 
simple  increase  in  the  discharge  current. 
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1.  Introduction 

Some  preliminary  results  of  an  experiment  to,observe 
parametric  and  nonlinear  effects  produced  in  a  high-Q 
UHF  resonator  where  a  collisionless  plasma  layer, 
diffused  in  a  section  of  this  resonator,  is  extruded  by 
DC  discharges  modulated  by  LF  low  frequency 
oscillations.  The  plasma  high  frequency  (Langmuir) 
steady-state  turbulence  is  enhanced  by  the  LF 
oscillations  applied  to  grids  that  control  the  DC 
discharges  generating  the  plasma,  and  then  converted 
in  electromagnetic  oscillations  of  the  resonator.  The 
turbulent  spectra  of  Langmuir  and  electromagnetic 
radiation  are  strongly  attenuated  when  LF  frequency  is 
increased  whereas  the  spectra  frequencies  of  turbulent 
modes  increase  with  plasma  density.  To  explain  the 
conversion  mode  is  invoked  a  weakly  turbulence 
model  in  the  context  of  a  three-waves,  random  phase, 
nonlinear  process  [1]  in  the  presence  of  a  modulational 
instability  generated  by  a  ponderomotive  force  present 
in  particular  near  the  walls. 


2.  Test  set 

A  detailed  description  of  the  plasma  loaded  resonator 
(PLR)  was  reported  elsewhere  [2]  [3] .  In  particular  we 
give  here  the  essential  characteristics  of  this 
experiment  test  set.  The  diffusion  partially  ionized 
extruded  plasma  (technical  quality  argon  at  a  pressure 
of  4.10”‘^Torr  with  an  ionization  degree  of  the  order 
of  10"^)  is  produced  by  4  DC  discharges  located 
symmetrically  upon  the  inside  cylindrical  wall  of  the 
resonator:  the  electrons  emitted  by  hot  filaments  are 
accelerated  and  focalised  towards  the  resonator  wall  by 
planar  grids  (50cm^  about)  having  narrow  meshes 
(less  than  the  Debye  length).  The  plasma  is  confined 
in  a  volume  of  40  liters  at  one  end  of  the  resonator, 
which  is  1/4  of  the  maximum  volume  of  the  piston- 
tunable  resonator  (50  cm  diameter  and  82  cm  max 
length).  At  the  other  end  of  the  resonator  (vacuum 
section)  is  located  a  dipole  antenna.  This  PLR,  divided 
in  the  two  set^ion  plasma/vacuum,  could  be  considered 
as  a  double  plasma  source  [4]. 


3.  Experimental  condition 

The  plasma  parameters  are  the  following: 
electron  density  nj=(l  -r  6)-10®cm‘^, 


electron  temperature  T^  =  (1,7  ± 0,2) •  eV , 
ion  temperature  Tj  =  (0,2  ±  0,1)  -eV, 
metastable  atom  density  nn,  =  (9-0±l)-10*cm‘^, 
metastable  temperatme  T„  =  (400  ±  20)K. 

Resonator  conditions  :  length  constant  L  =  82  ±  2  cm; 
lower  resonance  frequencies  (plasma  absent):  TE(lll) 
dominant  mode  398  MHz,  TE  (112)  514  MHz, 
TM(012)  592  MHz,  TM(013)  726  MHz;  loaded 
(Quality  factor  500; 

modulation  conditions:  LF  variable  in  the  range 
(10Hz^2MHz),  sine  and  square  wave  operation, 
amplitude  peak-to-peak  applied  to  the  grids  20  V  in 
the  presence  of  RC  coupling. 


4.  Experimental  results 

In  this  paper  some  preliminary  results  are  shown 
concerning  the  excitation,  by  LF  signals  in  the 
presence  of  plasma,  of  TE(lll)  dipolar  and  TM(012) 
electric  monopolar  resonant  modes.  The  effects 
produced  on  these  resonant  modes  by  the  LF  frequency 
of  excitation  were  observed  by  means  the  following 
diagnostics: 

a)  diagnostics  of  density  fluctuations  in  turbulent 
regime  performed  on  the  resonator  antenna  measuring 
the  reflexion  of  a  sweeped  nonperturbing  electro¬ 
magnetic  wave.  The  sweeped  antenna  reflexion  is 
observed  in  a  band  of  50  MHz  around  the  turbulent 
plasma  resonance.  The  more  important  nonlinear 
observed  effect  is  a  strongly  decreasing  in  amplitude  of 
the  turbulent  bands  when  the  LF  frequency  increases. 
A  sweep  RF  generator  is  connected  to  the  antenna.  In 
figs.  1  and  2  are  shown  the  oscilloscope  displays  of  the 
resonance  mode  TE(lll)  for  1  and  10  kHz  LF 
modulation.  In  figs.  3  and  4,  in  the  same  condition  of 
figs.  1  and  2,  are  shown  the  displays  for  the  resonance 
TM(012). 

b)  diagnostics  of  RF  for  microwave’)  emission  by  a 
spectrum  analyser  SA  cormected  to  the  resonator 
antenna.  In  this  case  the  dominant  nonlinear  effect  is 
the  radiation  band  that  appears  as  splitted  in  two 
lateral  bands  (lower  and  upper  bands).  The  upper  band 
is  strongly  attenuated  when  the  frequency  of  the  LF 
excitation  is  increased.  In  figs.  5  and  6  are  shown  the 
SA  displays  for  1  and  10  kHz  LF  (sine)  excitation 
(TElll).  A  similar  observation  may  be  made  for 
(TM012)  mode. 
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S.  Theoretical  model  and  comments 


A  simple  theoretical  model  suitable  to  explain,  in  a 
first  approximation,  the  experimental  results  here 
presented  based  on  a  three-waves  interaction  (plasmon 
description:  l  +  s->t)  may  be  phenomenologically 
synthetized  by  the  following  three  nonlinear 
inhomogeneous  equations; 
s-wave  (Korteweg  de  Vries): 

1-wave  (Schrodinger): 

t-wave  :  (resonator  m,n  mode) 

o  2  v 

to‘^  ^  m,n  _ 

®^m,n 

where  'Fq  is  the  LF  external  pump  potential. 

In  principle  this  simple  model  gives  us  an 
unidimensional  phenomenological  solution  describing, 
in  a  first  approximation,  our  experiment  results. 
However  surface  effects  generating  an  electric 
ponderomotive  force,  which  could  be  responsible  for 
the  excitation  of  the  lower  and  upper  resonance  bands, 
growing  by  parametric  modulational  instabilities  [5], 
caimot  be  taken  into  account.  A  more  refined  theory, 
along  with  other  experiment  results  in  which  the  level 
of  LF  pump  is  varied  is  necessary. 
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The  waves  scattering  processes 
in  the  magnetized  plasma  with  upper  hybrid  pump. 
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Institute  for  Nuclear  Research, 
prospect  Nauki  47,  252028,  Kiev,  Ukraine. 


Investigation  of  electro¬ 
magnetic  wave  scattering  by- 
density  fluctuations  are  impo¬ 
rtant  for  stadying  such  prob¬ 
lems  as  wave  transportation 
mechanism  in  plasmas,  measure¬ 
ments  of  the  efficiency  of  the 
HP  pump  power  dissipation, 
plasma  diagnostics  etc.  . 

In  previous  works  Il-3l 
the  waves  scattering  processes 
in  homogeneous  plasma  and  in 
the  plasma  with  density  gradi¬ 
ent  subjected  by  lower  hybrid 
radiation  have  been  investiga¬ 
ted. 

We  investigate  now  the 
scattering  of  electromagnetic 
wave  by  density  fluctuations 
when  the  frequency  of  the  pump 
wave  03^  is  close  to  the  upper- 
hybrid  frequency  . 

We  then  suppose  that  ele¬ 
ctron-ion  plasma  imbedded  to 
the  magnetic  field  B^=  B^z 
^d  pumg  wave  electric  field 
=  E^ycos  t  excites  ion- 
sound  waves  and  the  modified 
convective  cells.  We  can  write 
the  differential  cross  section 
in  the  form  [1,23: 


1 

CE  =  - ( 

Z% 


2 

) 


X 


(1) 

Rin^  <Qn!>u  dO 

'  ^  '  e  Ao^,  q 


where  A(.o  =  w’-  w”  ,  q  =  k*-  k"; 
w* ,  W"  and  k’,  k"  are  the  fre¬ 
quencies  and  the  wave  vectors 
of  the  incident  and  scattered 
0  is  the  space  angle, 
is  the  correlator  of 
the  electron  density  fluctuati¬ 
ons  at  the  combination  frequen¬ 
cy  Aio.  As  our  first  example  we 
consider  the  decay  of  the  pump 


waves , 

<6nf  > .  -* 

e  Aw.q 


wave  w. 


into  upper-hybrid  wave 

0)^  +  qJ  (  (j}>  , 

u1  '  pe  e  '  '  pe  e' 

Q^are 
e 


and 
pe 

plasma  and 
and  modified 


the  electron 
gyrofrequencies  ) 
convective  cells 


1/2 


a)^=(k^  /k)  (iTij  /m^) 

Note  that  convective  modes  ari¬ 
se  in  a  magnetized  plasma  with 
a  small  value  of  p  and  can 
occur  in  the  ionospheric  plasma 
[43. 


The  parametric  instability 
threshold  field  for  this  decay 
is  following: 
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o  o 


®{“o  ^ 


(2) 

threshold 


In  the  region  above 
(Eq  >  )  the  plasma  becomes 

turbulent  and  we  use  the  non¬ 
linear  stabilization  mechanism 
described  in  E23.  Thus  the 
differential  cross  section  is 
given  by  "pump  field"  term: 

ciE.  ^2 


dO 


w  ( 


)‘ 


me 


(jt>: 


pe 


Rif!' 


q 

^  o 

o  o 


w. 


Q 


pi  8 

) 


W 


,4 


i 


%1  Ki 


q2  ^2 


128  ice 


at 


(3) 


w 


2 


pe 


For  typical  ionospheric  plasma 
parameters  in  the  P  layer  at 
about  250  km 


n  =  10^  sm 


T 


'  T,  ^  0.1  eV,  B  = 

^  O  — 1  ^ 

'^ei  ^  ^  - 


0,45  G 


jec  ■  the  dif¬ 
ferential  cross  section  given 
by  (3)  exceeds  the  correspon¬ 
ding  one  due  to  thermal  noise 
by  several  orders  of  magnitude. 

Por  nex  our  decay  of  pump 
wave  into  upper  hybrid 

“u2  “ 

(for  this  case  w  „  <  0^  )  and 
'  pe  e 

ion-sound  wave  =  k7^  , 

(  7g=:  (  Tg  /  is'^the 

ion-sound  velocity  )  the 

threshold  field  is  given  by  : 


25 


2 


5ic  m. 


2  m 


,1/2 


Te 


B.. 


i 

0^0  e 


)  V 


ei 


(4) 


pe  e 


We  calculate  also  in  similar 
manner  the  differential  cross 
section  in  the  region  above 
threshold  estima¬ 
te  that  for  typical  parameters 
of  hot  plasma  ri 


o 


=  lO"^^  sm 


T  =  10  keV,  B  =  50  kG,  the  pump 

t?  w 

field  differential  cross  secti¬ 
on  is  greater  then  usual  ther¬ 
mal  noise  term  by  2-3  orders  of 
value . 

The  result  of  this  paper 
should  be  useful  for  understan¬ 
ding  the  processes  of  electro¬ 
magnetic  wave  scattering  in  the 
laboratory  and  ionospheric 
plasma  with  upper  hybrid  pump. 
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The  absorption  mechanism 
of  high-frequency  radiation  in 
the  plasma  by  upper  tiybrid  pump 
wave  in  the  presence  of  parame¬ 
tric  instability  have  been  ex¬ 
tensively  investigated  in  re¬ 
cent  years  [1,2].  The  important 
role  of  parametric  instabiliti¬ 
es  in  the  region  of  upper  tiyb- 
rid  resonance  was  pointed  out 
in  [1].  In  present  report  on 
the  base  of  kinetic  fluctuation 
theory  we  study  the  absorption 
of  upper  hybrid  wave  in  magne¬ 
tized  inhomogeneous  plasma  with 
density  gradient.  We  have  cal¬ 
culated  the  effective  collision 
frequency  in  the  turbu¬ 

lent  state  of  such  plasma  when 
the  amplitude  of  pump  wave 
exceeds  the  parametric  instabi¬ 
lity  threshold  ®th-  As  it  turns 
out  where  is 

the  electron-ion  collision  fre¬ 
quency.  Note  that  for  the  case 
of  homogeneous  plasma  the  simi¬ 
lar  problem  was  studied  in  [2]. 
We  consider  the  inhomogeneous 
plasma  with  exponential  density 
gradient  when  the  distribution 
function  f^^  ^  is  proportional 
to  exp  (  a’’y  )  . 


a’=  dn^  /dy  is  the  pla¬ 
sma  inhomogeneity  parameter. 
We  suppose  that  such  plasma 
subjec;^ed  to  the  magnetic  fi¬ 
eld  ._,and  pump  wave 

electric  field  E  =  E^y  cosw^t 

o  o*'  o 

excites  upper  hybrid  and  ele¬ 
ctron  drift  waves.  We  consi¬ 
der  upper  hybrid  wave  satis¬ 
fying  the  dispersion  relation 


i0u=  ^3(1+ o)2gSln2«/2n|)  (1) 

when  and  are  the  elec- 
pe  e 

tron  plasma  and  cyclotron  fre 
quencies,  'd  is  the  angle  bet¬ 
ween  the  wave  vector  and  B^. 
The  expression  (1  )-  is  valid 
in  strongly  magnetized  plasma 

for  Q^.  We  assume  that 

pe  e 

the  damping  rate  of  the  upper 
hybrid  wave  7^  '^ei' 
quency  and  the  damping  rate 
of  electron  drift  wave  are: 
-k.a’T.^ 


e  e 


(1+Tj/Tg)exp{-w|/2k^u^^)  / 

/k||Vyj  )  (2) 

where  is  the  ion  Larmor 

radius  and  ^  is  the  ther- 
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mal  velocity  of  particles. 
According  to  (2)  the  interac¬ 
tion  between  the  wave  and  the 
electrons  is  destabilizing  and 
we  have  well  known  drift  insta 
bility,  which  for  along  time 
considered  to  be  unavoidable 
in  a  finite  size  plasma.  Note 
however  that  the  ion  Landau¬ 
damping  terra  will  become  impor 
tant  in  a  short  device  where  k 
has  to  take  rather  large  valu¬ 
es.  Moreover,  in  a  device  with 
magnetic  shear,  ky  can  take 
small  values  only  locally  and 
damping  is  obtained  by  convec¬ 
tion  into  regions  with  larger 
ky  .  Consider  the  parametric 
decay  of  pump  wave  into  upper 
hybrid  and  electron  drift  wave 

“o  =  “a  +  “d  (3) 

In  the  region  above  threshold 

(  E„>E.v,,  where  Efv,= 

'  o  th  th  o  o  pe 

(krpg)^rgj7p  /  plasma 

becomes  turbulent.  We  suppose 
that  the  scattering  of  charged 
particles  on  the  turbulent  flu 
ctuations  is  the  nonlinear  sta 
bilization  mechanism  of  parame 
trio  instability  [33.  Thus  we 
introduce  the  effective  colli¬ 
sion  frequency  that  desc¬ 

ribes  such  mechanism  and  defi¬ 
nes  the  velocity  of  plasma 
heating.  It  is  shown  in  [2,33 
that  is  determined  by  spe 

ctral  density  of  turbulent  flu 
c  tua t ions .  Under  assump  t ion 

'^eff 


v  .  ^  ^  (4) 

Where  k^  is  defined  by  decay 
condition  (3).  It  can  be  seen 
from  (4)  that  grows  with 
increasing  density  gradient 
and  intensity  of  pump  wave. 
These  results  agree  with  expe¬ 
rimental  data  of  the  anomalous 
absorption  of  electromagnetic 
wave  energy  in  a  turbulent 
magnetized  plasma  .  We  note 
that  for  typical  hot  plasma  pa 
rameters,  i.e.  » 

A  aO  i/Go 


B  =50  kG,  n  = 
o  *  o 


10^''  sm^3 


Tg=  5  kev  the  present  value  of 
a>eff  is  much  greater  than 
We  have  thus  deduced  the  effi¬ 
ciency  for  the  absorption  of 
upper  hybrid  wave  energy  in  a 
plasma,  as  the  absorbed  power 
is  proportional  to  Our 

results  can  thus  be  of  inte¬ 
rest  for  upper  hybrid  heating 
of  plasmas. 
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Interaction  of  fllaments  in  an  a.c.-driven  planar  gas  discharge  system 

I.  Miiller,  E.  Ammelt,  H.-G.  Purwins 
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Until  now,  relatively  little  research  has  been  done  on 
pattern  formation  in  lateral  gas  discharge  systems,  that 
is,  upon  non-homogeneous  current  density 
distributions  perpendicular  to  the  main  current  flow 
[1][2].  In  our  experiments,  we  investigate  a  lateral 
high  frequency  glow  discharge  system  from  the  point 
of  view  of  pattern  formation.  This  paper  presents 
results  of  the  interaction  of  solitary-like  filaments.  Our 
measurements  are  motivated  by  theoretical  approaches 
developed  in  the  field  of  self-organization,  more 
exactly  in  the  field  of  reaction-diffusion  systems  of  the 
activator-inhibitor  type  [3]. 

The  investigated  system  consists  of  a  planar 
arrangement  of  two  glass  plates  which  enclose  a  gas 
layer  (Fig.  1).  One  of  these  glass  plates  has  a 
transparent,  conductive  ITO(Indium-Tin-Oxide)-layer 
covering  the  entire  surface.  The  other  glass  plate  has 
on  its  surface  an  aluminium  contact  of  radial 
symmetry  of  a  diameter  which  is  smaller  than  the 
diameter  of  the  ITO-layer,  so  that  the  extension  of  the 
active  discharge  region  is  defined  by  the  aluminium 
contact.  Typical  dimensions  of  the  apparatus  are 
represented  in  Fig.  1.  The  system  is  supplied  by  a 
sinusoidal  high  a.c.  voltage  with  voltage  amplitudes  U 
up  to  1200V  and  at  frequencies  in  the  range  of  /  = 
100-300kHz.  The  gas  used  is  helium  at  pressures 
between  p  =  lO-lOOOhPa. 

Experiments  have  shown  that  the  current  density  in 
the  system  is  proportional  to  the  luminous  density  of 
the  emitted  light  in  good  approximation  for  all 
represented  measurements.  We  therefore  examine  the 
current  density  distribution  by  registering  the  lateral 
distribution  of  the  emitted  luminous  density  with  video 
or  high-speed  cameras. 

Over  a  wide  range  of  parameters,  the  system  shows 
patterns  that  consist  of  solitary-like  current  density 
filaments.  If  the  supply  voltage  is  increased  beyond  the 
ignition  voltage,  several  filaments  are  abruptly 


generated.  The  diameters  of  the  filaments,  which  is  in 
the  order  of  1mm  or  less,  is  very  much  smaller  than 
the  diameter  of  the  active  domain,  therefore  the 
filaments  usually  do  not  come  into  contact  with  the 
system  boundary.  Should  a  filament  actually  reach  the 
boundary,  it  is  repelled.  In  this  context,  it  is 
remarkable  that  for  given  parameters  all  filaments 
have  equal  size  and  act  as  quasi-particles. 

Filaments  may  be  stationary  or  in  motion,  generally  at 
low  speed.  For  certain  parameter  sets  stationary  and 
moving  filaments  may  coexist.  Towards  higher  voltage 
amplitudes  their  number  increases. 

In  various  parameter  ranges,  in  particular  at  rather  low 
voltage  amplitudes  moving  filaments  may  collide.  If 
such  a  collision  occurs,  one  of  the  filaments  disappears 
while  the  other  one  remains  unchanged.  By  this 
scenario  the  number  of  filaments  decreases 
successively  until  only  one  single  filament  remains. 
Investigations  of  two  filaments  have  shown  that  the 
global  luminous  density  4>  of  these  filaments  decreases 
with  decreasing  distance  r  between  them  (Fig.  2).  This 


Fig.  2.  Relation  between  the  global  luminous  density  of  two 
filaments  and  the  distance  between  these  filaments.  The 
dotted  line  represents  a  linear  fit.  The  parameters  are  D  = 
50mm,  a  =  0,50mm,  b  =  c  -  0,55mm,  /  =  200kHz,  p  =  642 
hPaHe,  C/=547  V. 


direction  of  I 

observation  I  transparent  contact  (ITO) 

b  =  0,3...1,0  mm  glass  plate 
a  =  0...2  mm  gas  layer 
^e  =  0,3... 1, 0  mm  glass  plate 

metal  contact 

Fig.  1 .  Cross  section  of  the  experimental  setup  and  electrical  circuit  of  the  a.c.-driven  gas  discharge  system. 
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Fig.  3.  a)  Hexagonal  arrangement  of  current  density 
filaments. 

b)  Coexistance  of  stationary  filaments  and  stripe-like 
patterns. 

Both  pictures  represent  single  frames  of  a  video  recording. 
The  grey-scale  was  inverted.  The  parameters  are  in  a):  D  = 
50mm, a  =  0,50mm,  b  =  c=  0,55mm,  /=  200kHz, p  =  419 
hPa  He,  U  =  474  V,  in  b):  D  =  50mm,  a  =  0,50mm,  b  =  c 
=  0,55mm,  /=  200kHz,  p  =  243  hPa  He,  U  =  870  V. 


is  true  for  many  different  values  of  the  gas  pressure. 
Moreover,  this  phenomenon  is  found  in  other  gases  as 
well,  e.g.  in  nitrogen  or  in  mixtures  of  helium  and 
nitrogen.  This  result  points  to  an  inhibiting  effect 
between  converging  filaments  under  appropriate 
parameters. 

At  relatively  high  voltages  the  extinction  process 
becomes  less  important,  while  new  filaments  are 
generated.  Due  to  repulsive  interactions  these 
filaments  form  a  hexagonal  pattern  (Fig.  3a).  Such 
patterns  usually  consist  of  several  so-called  structure 
domains,  which  are  seperated  by  some  kind  of  grain 
boundaries.  By  the  generation  of  filaments  at  the 
system  boundary  and  extinction  at  the  grain 
boundaries  the  domains  may  move  and  change  shape. 
In  a  narrow  range  of  parameters,  clusters  of  filaments 
appear  (Fig.  4)  [4].  A  cluster  is  an  arrangement  of 
several  filaments  sticking  together  with  constant, 
characteristic  distances  between  them.  Clusters  can  be 
composed  of  different  numbers  of  filaments  with 
various  geometries.  They  can  be  generated  starting 
with  a  hexagonal  pattern  consisting  of  many  filaments. 
By  lowering  the  amplitude  of  the  driving  voltage  the 
outer  filaments  vanish  one  after  the  other  until 
geometries  like  those  in  Fig.  4  are  achieved.  As  it  is 
represented  in  Fig.  4,  the  number  of  filaments 
belonging  to  a  cluster  depends  directly  on  the  voltage 
amplitude,  whereas  the  geometrical  arrangement  of 
the  filaments  is  independent  of  the  voltage.  In  clusters, 
attractive  and  repulsive  interactions  must  be  balanced. 
As  a  last  example.  Fig.  3b  shows  a  snapshot  of  another 
discharge  pattern.  This  is  one  frame  of  a  video 
recording.  In  contrast  to  the  other  examples,  in  this 
case  we  do  not  only  find  filaments  but  at  the  same  time 
slowly  moving  stripe-like  patterns  appear.  This  is  a 
long  time  scale  pattern,  though,  related  to  the 
relatively  long  exposure  time  of  20ms.  In  reality  the 
stripes  consist  of  rapidly  moving  filaments.  This  could 
be  proved  by  pictures  taken  at  an  exposure  time  of  S^is 
with  a  high-speed  camera,  thus  measuring  just  one 


17=  438V 


(7  =  495V 


Fig.  4.  Photographs  of  stationary  clusters  consisting  of 
current  density  filaments.  An  inverted  grey-scale  was 
chosen.  The  voltage  amplitude  rises  from  top  to  bottom. 
The  parameters  are  Z)  =  13mm,  a  =  0,55mm,  b  =  0,7mm, 
c  =  0,3mm,/=  200kHz,  p  =  419  hPa  He. 


breakthrough  of  the  discharge.  These  pictures  show 
filaments  spread  across  the  entire  discharge  system. 
The  above-mentioned  examples  'give  a  brief  insight 
into  the  multifarious  patterns  that  are  created  due  to 
the  attraction  and  repulsion  between  current  filaments. 

Besides  the  a.c.  powered  gas  discharge  system 
presented  in  this  paper,  we  also  investigate  a  d.c. 
powered  system  consisting  of  a  gas  layer  and  a  high- 
resistance  semiconductor  layer  arranged  in  parallel 
[5].  For  the  latter  system  a  phenomenological  model, 
which  describes  the  observed  patterns  qualitatively, 
was  derived  [3]. 
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The  creation  of  ordered  structures  against  the 
second  low  of  the  thermodynamics  requires  answers  to 
two  essential  questions.  The  first  one  is  the  question 
why  do  the  particles  available  in  an  asymptotic  stable 
milieu  spontaneously  self-assemble  into  an  ordered 
complexity  whose  self-consistence  is  assured  by  a 
system  boundary  structure.  The  second  one  is  the 
question  why  does  the  system  boundary  structure 
assures,  after  its  “birth”,  the  exchange  of  matter  and 
transduction  of  energy  necessary  for  its  autonomous 
existence  and  subsequent  evolution. 

In  this  paper  we  show  that,  from 
phenomenological  point  of  view,  possible  answers  to 
the  above  questions  are  implicitly  contained  in  a 
recently  published  self-organization  physical  scenario 
able  to  explain  the  spontaneous  formation  of  self- 
consistent  space  charge  configurations  in  plasma  [1-6]. 
This  scenario  describes  the  “birth”  of  an  ordered 
structure  involving  entropy  “expulsion”  [7]  and  then, 
its  transition  into  an  open  system.  This  is  a  system  able 
to  assure  its  “autonomy”  by  an  exchange  of  matter  and 
transduction  of  energy  with  the  surrounding 
environment  that  is  periodically  produced  [1-6]. 

Here  we  describe  a  tentative  model  process, 
based  on  the  above  mentioned  self-organization 
mechanism,  able  to  give  answers  to  the  question  why  a 
membranous  “vesicle”,  perhaps  an  essential  step  in  the 
origin  and  evolution  of  the  earliest  cell,  could  emerge 
under  controllable  laboratory  conditions.  We  start  from 
the  well-established  fact  that  an  electrical  spark, 
produced  in  a  plasma  device,  is  able  to  generate,  in 
certain  conditions,  a  spherical  space  charge 
configuration  which  appears  as  a  free  floating  fireball 
[8,10].  Its  appearance  is  evident  related  to  the  creation 
of  a  hot  plasma  in  the  impact  point  of  the  spark. 
Considering  the  differences  between  the  mobility  and 
the  diffusivity  of  the  electrons  and  the  positive  ions,  an 
electrical  space  charge  separation  finished  with  the 
nucleation  of  a  plasma  enriched  in  positive  ions 
appears.  Acting  as  a  gas  anode,  the  electrons  from  the 
surrounding  plasma  are  accelerated  toward  it  so  that, 
the  series  of  physical  processes  whose  final  product  is  a 
self-organized  space  charge  configuration  bordered  by 
an  electrical  double  layer  can  be  successively 
developed  [6].  The  “birth”  of  the  space  charge 
configuration  is  spontaneous  because  it  corresponds  to 
the  transition  into  a  configuration  characterized  by  a 
local  minimum  of  the  free  energy.  During  the  birth 
process  the  entropy  is  locally  diminished. 

As  it  is  known,  the  formation  of  a  free  floating 
fireball  is  a  phenomenon  frequently  observed  in  low 
voltage  arcs  and  thermoionic  converters  [10].  The  news 


of  our  experimental  investigation  consists  in  the  fact 
that  we  have  started  the  generation  of  the  fireball  by  an 
electrical  spark  in  a  pre-existent  plasma.  Adjusting  the 
experimental  conditions  it  is  possible  to  maintain  the 
fireball  (after  its  genesis)  in  an  unstable  state  during 
which  intensive  periodical  modulations  of  the  d.c. 
current,  initially  used  for  the  plasma  production,  can  be 
observed.  The  origin  of  the  periodical  current 
modulation  is  the  proper  dynamics  of  the  fireball.  In 
this  state  the  double  layer  at  its  border  acts  as  a  cell 
membrane  sustaining  and  controlling  a  preferential  and 
periodical  exchange  of  matter  with  the  environment  and 
also  a  periodical  transduction  of  the  kinetic  energy  of 
the  electrons  in  electric  field  energy.  These  current 
modulations  are  evidenced  by  the  periodical  expansion 
and  constriction  of  the  fireball  visual  image.  The 
dynamics  assures  the  “viability”  of  the  fireball  also  for 
anode  voltages  much  lower  than  that  necessary  for  its 
generation.  Experimentally,  this  is  evidenced  by  the 
presence  of  a  hysterezis  phenomenon  that  proves  the 
ability  of  the  fireball  to  memorize  its  past  history  [6]. 

Briefly  speaking  the  self-sustained  dynamics, 
that  attributes  to  the  fireball  the  behavior  of  a  “viable” 
autonomous  body,  is  related  to  the  self-assemblage 
mechanism  of  the  spherical  double  layer  at  its  border 
[9].  During  this  self-assemblage  process  the  potential 
drop  over  the  double  layer  becomes  so  high  that  the 
electrons  accelerated  inside  it  attain  energies  for  which 
the  ionization  rate  in  the  nucleus  suddenly  increases. 
Under  such  conditions  the  net  positive  space  charge  at 
the  positive  side  of  the  double  layer  overcompensates 
that  at  its  negative  side.  Consequently  the  space  charge 
configuration  expands  [3-5].  In  this  expanding  process 
the  self-consistent  double  layer  [9]  accelerates  toward 
the  nucleus  the  thermalized  electrons  from  the  plasma 
through  which  the  double  layer  runs.  They  produce 
besides  new  positive  ions  a  local  heating  process  too  so 
that,  owing  to  the  difference  in  the  diffusivity  of 
electrons  and  positive  ions  a  new  opposite  space  charge 
separation  is  initiated.  In  this  way  the  cycle  of  the  space 
charge  configuration  dynamics  is  enclosed  and  the 
reformation  process  of  a  double  layer  around  the 
positive  nucleus  can  again  begin.  Evidently,  the 
described  dynamics  involves  a  matter  exchange  with 
the  environment  related  to  the  periodical  formation  and 
disruption  of  the  double  layer  at  the  fireball  border  and 
also  a  transduction  of  kinetic  energy  of  electrons  in 
heat  but  also  in  electric  energy  stored  in  the  field  of  the 
double  layer  structure. 

The  described  phenomenology  suggests  that  a 
gaseous  vesicle  in  the  form  of  a  fireball,  perhaps  able 
for  subsequent  evolution  into  a  prebiotic  structure, 
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could  be  created  by  an  electrical  spark.  We  note 
additionally  that  such  a  fireball  relieves  other 
interesting  properties  as  self-replication,  transmission 
of  information,  intercommunication  using  radiant 
energy  [2]  and  other  behaviors  usually  attributed  to 
biotic  systems.  In  spite  of  the  fact  that  the  spherical 
space  charge  configuration  generated  after  the 
described  self-organization  process  is  very  primitive, 
we  think  that  the  knowledge  of  its  generation  scenario, 
under  controllable  laboratory  conditions,  could  be 
relevant  for  the  modeling  of  the  genesis,  self¬ 
sustenance  and  evolution  possibilities  of  a  prebiotic 
structure  in  the  early  Earth  atmosphere  (a  plasma  like 
medium  in  which  electrical  sparks  are  present). 
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Recently  in  many  papers  [2-4]  were  reported 
the  results  of  the  investigations  performed  on  the 
formation  of  spatial  structures  in  semiconductors  and 
gas  discharge  systems.  The  authors  consider  that  the 
basic  physical  processes  involved  in  the  pattern 
formation  are  that  predicted  by  Turing  [1]  for  the 
generation  of  homogeneous  stationary  patterns. 

The  goal  of  this  paper  is  to  attract  the  attention 
on  some  similarities  which  can  be  observed  when  the 
results  described  in  [2,3]  are  compared  with  those 
observed  in  the  usual  gas  discharges.  These  similarities 
seem  to  suggest  the  possibility  to  explain  the  formation 
of  spatial  patterns  as  a  result  of  a  self-organization 
process  whose  physical  scenario  was  already  described 
[6].  The  final  product  of  such  a  self-organization 
process  is  a  well-localized,  nearly  spherical,  space 
charge  configuration  (SCC),  usually  known  as  anode 
spot  [5-8].  Using  the  anode  voltage  as  a  control 
parameter  it  becomes  possible  to  generate  SCC  visible 
as  luminous  globes  [5-8],  at  the  anode  surface  of  a  dc 
glow  discharge.  In  Fig.  1  are  presented 


Fig.l. 

Continuously 
distributed  ring¬ 
like  luminous 
space  charge 
configuration  at  the 
border  of  a  disc 
anode  in  a  dc  glow 
discharge  and  its 
transition  into 
symmetrical 
distributed  anode 
spots. 


photographs  of  a  disc  anode  surface  that  evidence  the 
transition  from  a  uniform  ring  like  distributed  luminous 
space  charge  configuration  at  its  border  into  a  series  of 
spatially  periodic  structures  (anode  spots)  when  the 
anode  voltage  is  decreased.  These  results  suggest 
comparison  with  the  periodic  structure  shown  in  Fig.  2 
obtained  in  a  d.c.  gas  discharge  in  a  quasi-one- 
dimensional  system  consisting  of  a  semiconductor  and 
a  metal  electrode  [2,3]. 


Fig.2  Photograph  of  the  spatially  periodic  structure  of 
the  luminous  density  in  a  quasi-linear  semiconductor- 
metal-electrodes  discharge  system  (from  ref  3). 

The  spontaneous  formation  of  the  anode  spots 
in  a  glow  discharge  can  be  related  to  the  nonlinear 
behavior  of  the  current  versus  voltage  characteristic 
[5,6].  The  negative  resistance  behavior  evidenced  in 
the  nonlinear  I(V)-characteristic  (a  requirement 
necessary  for  the  model  developed  in  [2])  appears 
under  conditions  when  the  formation  of  double  layers 
in  front  of  the  anode  becomes  possible  [5,6].  In  the 
experiment  described  in  [2,3]  this  is  realized  when  the 
distance  between  the  electrodes  exceeds  a  certain 
value.  Concerning  the  basic  physical  processes  that 
produce  the  negative  resistance  behavior  of  the  glow 
discharge,  these  are  essentially  related  to  the  self¬ 
organization  process  during  which,  in  front  of  the 
anode,  a  double  layer  is  formed  [5,6].  When  the  anode 
surface  is  small,  and  consequently  a  SCC,  bordered  by 
a  spherical  double  layer,  is  forming,  the  negative 
resistance  behavior  appears  in  the  I(V)-characteristic 
(Fig.  3). 

To  explain  the  “fi  lamentation”  of  the 
discharge  current  it  is  necessary  to  consider  the 
phenomena  at  the  origin  of  the  spontaneous  formation 
of  an  anode  spot  bordered  by  a  nearly  spherical 
electrical  double  layer.  The  anode  spot  appears  when, 
by  decreasing  the  anode  voltage,  the  current  at  the 
anode  of  a  glow  discharge  would  be  too  small  to 
maintain  the  discharge  [8].  Under  such  conditions  the 
requisite  extra-ionization  can  be  provided  after 
acceleration  of  the  electrons  in  a  double  layer  structure 
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whose  potential  drop  is  equal  to  or  exceeds  the 
ionization  potential  of  the  gas  [5-7].  After  the 
appearance  of  self-consistent  double  layers,  the 
discharge  becomes  able  to  maintain  its  existence  for 
anode  voltages  for  which  this  is  not  possible  in  the 
absence  of  the  double  layers  [5]. 
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Fig.  3  Current-voltage  characteristic 
resistance  branch  corresponds  to  the 
single  anode  spot  (from  ref  4)  and 
characteristic  under  variation  of  the 
voltage  for  a  quasi-one-dimensional 
metal  electrodes  system  (from  ref  3). 
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The  globular  aspect  of  the  anode  spot  is  a 
consequence  of  the  tendency  of  every  double  layer  to 
transit  into  a  state  characterized  by  a  local  minimum  of 
the  potential  energy  [6].  After  the  self-assemblage 
process  of  the  anode  spot,  this  acts  as  a  well-localized 
new  source  of  charged  particles  determining  a 
concentration  (fl  lamentation)  of  the  d.c.  current. 
Therefore,  when  the  applied  voltage  diminishes,  the 
discharge  “reacts”  creating  the  anode  spots  and, 
consequently,  the  current  fi  lamentation  as  is  shown  in 
Fig.  2  for  a  quasi-one-dimensional  discharge.  By  the 
transition  into  a  nearly  self-consistent  spherical  double 
layer,  a  new  source  of  charged  particles  appears  in  the 
discharge  [9].  So,  the  conditions  for  the  discharge 
maintenance  are  fulfilled  also  for  an  anode  voltage 
smaller  than  that  necessary  when  spherical  double 
layers  are  not  present  at  the  anode  surface. 

As  was  shown  [5,6]  each  anode  spot  is 
bordered  by  a  spherical  double  layer  whose  external 
side  is  formed  after  electron  accumulation. 
Consequently,  the  repulsive  electrostatic  forces  acting 
between  different  anode  spots  determine  their 
reciprocal  position  on  the  anode  surface.  This  is  the 
reason  why  the  anode  spots  are  symmetrically 
distributed  on  the  anode  surface  (Fig.  1). 

The  spatially  periodic  structure  on  a  quasi- 
one-dimensional  anode,  shown  in  Fig.  2,  is  related  to 
the  presence  of  striations,  i.e.  of  a  set  of  hemispherical 
double  layers,  generated  after  “multiplication”  of  an 
anode  spot  [5,6].  Consequently,  between  different 
striated  columns  repulsive  forces  act  determining  their 
spatial  separation  evidenced,  in  the  quasi-one- 
dimensional  discharge,  as  luminous  filaments.  By 
increasing  the  applied  voltage  to  critical  values, 
luminous  filaments  are  spontaneously  generated,  one 
after  another,  while  the  I(V)  characteristic  exhibits 
discontinuities,  as  a  set  of  negative  resistances  (Fig.  3). 
By  decreasing  the  applied  voltage,  the  discontinuities  in 


the  I(V)  characteristic  (accompanied  by  successively 
disappearance  of  luminous  filaments)  are  shifted 
toward  lower  voltages,  proving  the  presence  of 
hysteresis  phenomena,  usually  proper  to  self¬ 
organization  [6]. 

For  proving  the  above  proposed  new 
explanation  of  the  patterns  formation,  we  have  repeated 
the  experiments  described  in  [2,3]  with  the  single 
essential  difference  that  the  discharge  was  produced 
within  two  identical  metal  plates.  The  obtained  results 
show  that  the  presence  of  a  semiconductor  electrode  is 
not  necessary  for  evidencing  the  current  filamentation. 
As  it  was  already  mentioned,  it  is  probable  that  the 
negative  resistance  is  directly  related  to  the  formation 
process  of  the  spatial  pattern 

We  notice  that  similar  filamentation  of  the 
current  is  observed  also  in  other  experimental  devices 
as  for  example  in  plasma  focus  [10]  (Fig.  4). 


Fig.  4  Current  filamentation  in  a  plasma  focus  device 
(from  ref  1 0) 

The  experimental  results  obtained  by  us  up 
today,  that  will  be  published  in  the  future,  prove  that 
the  current  filamentations  similar  to  those  described  in 
the  papers  of  Radehaus  et.  al.  ([2,3]),  can  be  understand 
considering  the  self-organization  physical  scenario 
already  described  [5,6]. 

The  variety  of  nonstationary  pattern, 
mentioned  in  the  paper  of  Astrov  et  al.  [4],  can  be 
explained,  in  our  opinion,  considering  the  dynamical 
behavior  of  double  layers  as  described  in  [6]. 
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1.  Introduction 

Oscillatory  phenomena  in  plasma  devices  have  a  long 
history  but,  not  general  accepted  theory  has  been 
developed  up  to  now.  This  is  one  of  the  essential 
reasons  way  the  oscillating  regimes  can  not  be 
controlled  in  fundamental  and  applicative 
investigations.  In  this  context,  the  specialists  interest  are 
in  thermionic  vacuum  arc  discharge,  especially  from  the 
practical  reasons  in  the  coating  applications  and  film 
deposition  [1,2].  The  oscillating  phenomena  present  in 
the  working  regime  of  such  a  device,  was  used  by  us  to 
make  a  lot  of  experimental  observations  and  to  explain 
them  using  the  physical  scenario  of  self-organization 
[3,4]. 

2.  Experimental  device 

The  experimental  device  used  in  our  observations  (Fig. 
1)  consists  of  a  wolfram  heated  filament  (16  -  20  A) 
placed  at  controllable  distances  (5-10  mm)  and  angles 
((pG(0°  -  90°))  from  a  wolfram  crucible  containing  the 
material  to  be  evaporated  (copper  in  our  case).  The  two 
electrodes  are  mounted  in  the  centre  of  a  vacuum 
cylindrical  stainless  chamber  with  a  base  pressure  of 
»10‘’  Torr.  The  thermoelectrons  emitted  by  the  cathode 
are  focalised  by  the  Whenelt  cylinder  and  are 
accelerated  toward  the  anode  by  a  high  potential  («KV). 
The  thermoelectrons  collide  the  anode  heating  it  until 
the  melting  point.  In  this  moment  the  anode  material 
starts  to  evaporate,  the  pressure  in  front  of  it  increases 
and  the  discharge  is  ignited. 


Fig.  1  Scheme  of  the  experimental  arrangement 

3.  Experimental  results 

The  current  -voltage  characteristic  of  such  a  discharge, 
reveals  a  lot  of  nonlinear  features  (hysteresis,  negative 
resistance,  critical  points,  modulations,  etc.).  Our 


experimental  observations  of  the  thermionic  vacuum  arc 
discharge  are  mainly  focused  on  the  oscillations  regimes 
appeared  at  the  critical  external  condition  (such  as  anode 
voltage,  filament  temperature,  pressure,  anode-cathode 
distances  and  orientation,  ballast  resistor,  etc.).  Fig.  2 
shows  the  simultaneous  visualisation  of  the  time 
variation  of  the  discharge  current  (curve  1)  and  of  the 
voltage  (curve  2)  for  a  continuous  variation  of  the  dc 
po\)ver  supply,  marking  the  beginning  of  the  oscillating 
regime  (p=1.5*10'*  Torr,  l£=18  A,  dA.K=6mm,  (p=45°). 
This  regime  appears  after  the  strong  increase  of  the 
current  simultaneously  with  the  voltage  decrease  in  the 
arc  working  zone.  Analysing  only  the  oscillations  from 
this  region  we  find  two  distinct  regimes; 

■  a  random  regime,  with  fr'equency  of  the  oscillations 
in  the  range  of  few  Hz  and  with  large  amplitudes; 

■  a  periodic  regime,  with  frequency  of  the  oscillations 
in  the  range  of  hundred  of  kHz  and  with  small 
amplitudes. 


Fig.  2  Current  discharge  (curve  1)  and  voltage  (curve  2) 
for  a  continuously  variation  of  the  dc  power  supply 
(p=1.5*10-*  Torr,  If=18  A,  dA.K=6mm,  (p=45°) 

Fig.  3  shows  these  two  types  of  oscillation  regimes  in 
current  (curve  1)  and  voltage  (curve  2). 
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Fig.  3  Aleatory  appearance  of  the  self-organized 
structure  in  front  of  the  anode,  evidencing  the 
determinist  chaotic  behaviour 

Small  oscillations  with  the  shape  indicated  in  Fig.  4. 
appear  during  each  aleatory  oscillation. 


Fig.  4  Periodic  current  modulation  produced  by  the 
proper  dynamic  of  the  self-organized  anode 
configuration. 

4.  Discussions 

Based  on  the  similarities  with  a  tow  voltage  discharge, 
we  propose  the  same  physical  scenario  [3,4,5]  standing 
at  the  origin  of  the  current  modulations.  Random 
internal  or  external  factors  generate  the  premises  for  the 
appearance  of  the  bipotential  structures  in  front  of  the 
anode  (in  the  evaporating  phase)  through  a  self¬ 
organization  phenomenon.  After  its  genesis,  the 
localised  structures  bordered  by  double  layers,  begin  to 
manifest  a  proper  dynamics.  In  this  context,  we  consider 
that  the  periodic  current  modulations  observed  in  a 
thermionic  vacuum  arc  discharge  are  not  genuine 
oscillations  because  they  result  after  successive 
generations  and  disruptions  of  the  self-consistent  double 
layers  [3,4]. 

5.  Conclusions 

Our  experimental  results  prove  that  in  a  thermionic 
vacuum  arc  discharge,  used  especially  for  practical 


reasons,  two  kind  of  instabilities  appear.  One  of  them  is 
related  with  the  aleatory  appearance  of  a  self-organised 
configuration  in  front  of  the  anode,  when  the  formation 
is  supposed  to  be  in  a  determinist  chaotic  regime  and 
the  other  one  appears  as  ordered  temporal  structures 
evidenced  as  coherent  oscillations.  The  last  one  is 
related  to  the  proper  dynamics  of  the  anode 
configuration  which  is  required  for  the  self-maintenance 
of  such  a  self-organised  structure.  During  this  oscillating 
phase,  the  anode  configuration  behaves  as  an 
autonomous  body,  able  to  self-sustain  a  periodical 
exchange  of  matter  and  energy  with  the  surrounding 
plasma  [4,5]. 

The  chaotic  behaviour  of  the  temporal  structures 
generated  by  the  thermionic  vacuum  arc  discharge  is 
under  considerations. 
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1.  Introduction 

Investigations  of  a  hollow  cathode  discharge  in 
helium  with  a  cylindrical  cathode  have  indicated  that 
the  first  step  in  their  development  can  be  a  high 
impedance  mode  of  operation  in  which  an  axial 
electron  beam  is  produced  [1],  These  beam  electrons 
with  energies  determined  by  the  full  applied  voltage  do 
not  suffer  any  collision  with  the  gas  atoms  so  that  they 
can  carry  up  to  20%  from  the  whole  discharge  current 
[2].  In  spite  of  the  spatial  compression  of  the  electron 
generation  this  does  not  lead  to  the  pinching  of  the 
discharge.  The  same  electron  beam  mode  constitute  the 
predischarge  stage  for  the  radial  hollow  cathode 
discharge  or  for  the  main  discharge  of  a  pseudospark 
discharge.  Consequently,  even  a  narrow  transverse 
magnetic  field  must  have  an  important  effect  on  the 
breakdown  of  this  high  impedance  mode  of  the  hollow 
cathode  discharge  and  the  corresponding  spatial 
distribution  of  the  generated  electron  beam.  Some  data 
about  this  effect  are  discussed  in  the  present 
contribution. 

2.  Experimental  Device 

The  ex-perimental  set-up  is  shown  in  figure  1.  More 
details  can  be  found  elsewhere  [3].  The  beam  mode  of 
operation  occurs  over  a  limited  range  of  discharge 
parameters,  so  that  we  are  restricting  to  helium 
pressures  lower  than  0.5  Torr  and  discharge  currents 
smaller  than  10  mA.  To  obtain  the  electron  beam  mode 
the  voltage  of  the  current-controlled  power  supply  was 
smoothly  increased  at  nearly  a  constant  discharge 
current. 


Fig.l.  Experimental  set-up  of  the  discharge  device. 

The  diagnostic  tools  of  the  discharge  plasma  was  an 
axially  movable  double  probe  P  for  the  plasma  density 
measurements  or  an  emissive  probe  tp  measure  the 
plasma  potential.  The  probes  were  made  of  tantalum 
wire  0.1  mm  in  diameter  and  3  mm  in  length.  The 


small  permanent  magnets  which  produce  tlie  narrow 
transverse  magnetic  field  are  also  movable  along  the 
axial  direction  of  the  cylindrical  discharge  tube.  The  dc 
discharge  can  be  run  with  two  different  cylindrical 
hollow  anodes;  a  small  anode  Ai,  located  at  60  mm 
from  the  cathode  exist  in  the  fi'ont  of  the  electron  beam 
and  a  very  large  mesh-anode  A2  covering  the  whole 
discharge  tube  walls  over  the  cathode-anode  A]  length. 
In  the  electron  beam  mode  of  operation  the  transition 
between  these  two  different  anodes  can  be  obtained  by 
their  relatively  biasing  with  a  large  variable  resistor  Rv 
or  an  auxiliary  power  supply. 

3.  Experimental  Data  and  Discussion 

In  the  absence  of  the  transverse  magnetic  field  (in  the 
top  of  figure  2),  a  positively  bias  of  the  small  anode  Aj 
of  only  a  few  volts  in  the  respect  to  the  large  one  is 
sufficiently  to  carry  about  80  %  from  the  discharge 
current  through  this  small  anode.  One  can  be  noted 
that,  under  the  same  conditions,  i.e.  with  the  small 
electrode  A|  acting  as  anode,  the  electron  beam  is  more 
confined.  Then,  if  a  narrow  transverse  magnetic  field 
with  a  relatively  small  strength  is  applied  in  the  front  of 
the  small  anode,  a  much  larger  positively  biasing 
(comparable  with  ionisation  potential  of  helium)  must 
be  used  in  order  to  obtain  the  same  current  values 
through  the  small  anode.  This  positively  biasing 
increases  further  with  the  magnetic  field  strengths  as 
shown  in  the  bottom  of  figure  2. 


Fig.2.  The  dependence  of  the  current  voltage 
characteristics  of  the  small  anode  on  the  magnetic  field 
strength  in  the  beam  mode. 

Alternatively,  if  the  same  transverse  magnetic  field  but 
with  a  given  field  strength  “is  moved”  axially  towards 
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the  hollow  catliode,  tliese  current-voltage 
characteristics  of  tire  anode  circuit  are  not  qualitatively 
■"changed.  The  exceptions  are  tlie  magnetic  field 
localisation  near  the  holllow  catliode  exit  when  it 
prevents  the  appearance  of  tlie  electron  beam  mode 
itself  in  the  top  of  figure  3. 


Fig.  3.  The  dependence  of  the  current-voltage 
characteristics  of  the  small  anode  on  the  axial  location 
of  the  narrow  transverse  magnetic  field. 


The  axial  profiles  of  the  plasma  density  measured  along 
a  direction  which  make  a  small  angle  with  the  direction 
of  the  electron  beam  are  shown  in  figure  4. 


Fig.4.  The  axial  profiles  of  the  plasma  density  for  the 
beam  mode.  Ik  is  the  anode  current  value  for  which  the 
discharge  switch  to  the  small  anode. 


The  discharge  conditions  are  the  same  as  in  figure  2, 
but  the  magnetic  field  strengths  and  anode  current 
are  now  the  curve  parameters.  Therefore,  as  long  as  the 
double  probes  are  inside  the  electron  beam,  the  plasma 
density  remains  nearly  constant  along  the  cathode- 
anode  A]  region.  Only  at  the  axial  edges  of  the 
electron  beam,  i.e.  nearly  to  the  hollow  catliode  exit  or 
near  the  small  anode,  when  the  probes  go  out  from  the 


beam,  the  plasma  density  abruptly  decrease.  The  last 
decreases  of  tlie  plasma  density  in  front  of  the  small 
anode  occurs  only  if  a  larger  field  strength  is  applied 
here.  For  tliese  larger  magnetic  field  strengths  the 
electron  beam  is  more  deflected  from  its  axial  direction 
and  also  impeded  to  touch  the  small  anode.  Thus,  a 
new  secondary  anode  structure  must  by  formed  in  front 
of  the  small  anode  in  order  to  carry  the  same  discharge 
current  tlirough  Ai  region.  This  new  anode  structure, 
known  as  anode  spot  or  ball  of  fire  is  bordered  towards 
the  cathode  by  an  anode  double  layer  [4].  In  fact,  if  we 
extend  the  plasma  potential  measurements  over  the 
whole  cathode-anode  Ai  distance  we  found  a  certain 
two  step  double  layer  structure  for  an  radial  hollow 
cathode  discharge  [5].  The  same  behaviour  of  the 
plasma  potential  are  also  observed  for  the  present 
electron  beam  mode  if  larger  magnetic  field  strengths 
and  maximum  anode  currents  =  I  are  used,  (see  in 
figure  5). 


20  30  40  50  60 


Fig.5.  Axial  profiles  of  the  plasma  potential  with  the 
magnetic  field  strength  as  parameter.  The  small  anode 
current  has  its  maximum  value. 


In  conclusion,  the  effect  of  a  narrow  transverse 
magnetic  field  on  a  hollow  cathode  discharge  which 
generate  an  electron  beam  is  rather  important, 
especially  when  it  is  located  at  the  axial  edges  of  the 
discharge.  The  hollow  anode  dimensions  are  actually 
not  restricted  as  is  proved  by  our  experimental  results 
for  the  electron  beam  mode  operation  of  the  hollow 
cathode  discharge. 
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1.  Introduction 

As  it  is  known  [1,2],  waveguided  discharges  sustained 
by  surface  wave  (SW)  propagation  can  be  produced  in  a 
wide  range  of  variation  of  the  gas  pressure  starting 
from  several  mTorr  up  to  atmospheric  one.  Both  the 
long  columns  of  quite  and  stable  plasmas  at  low 
pressure  and  the  plasma  torches  at  high  pressure 
provide  many  possibilities  for  application  of  the 
discharges.  However  the  results  presented  here  show 
that  the  transition  from  low  to  high  pressures  passes 
through  formation  of  unstable  structures  of  the  type  of 
filaments.  Studies  on  the  behaviour  of  these  structures 
could  be  of  interest  with  respect  to  fundamental  aspects 
of  maintenance  of  the  discharges  and  their  application. 

2.  Experimental  arrangements 

The  experimental  set-up  is  shown  in  Fig.  1.  By  applying 


Fig.  1 .  Experimental  arrangements. 

a  powerful  signal  {Po  =  140  W  in  the  case  presented 
here)  at  frequency  of  2.45  GHz  to  a  surfaguide- 
surfatron  device  [2],  a  SW  sustained  discharge  in  Ar  is 
created  in  a  cw  regime.  The  discharge  is  produced  in  a 
tapered  tube  [3],  in  which  formation  of  the  unstable 
structures  is  observed  at  lower  applied  power.  Such  a 
shape  of  the  tube  is  closer  to  those  of  the  plasma 
reactors.  The  experiments  are  performed  in  flowing  gas 
by  varying  the  gas  pressure  from  p  =  0.1  Torr  till 
1  Atm.  The  total  light  emission  giving  information 
about  the  plasma  density,  is  registrated  by 
photomultipliers  (PHMs).  For  measuring  the  velocity  F) 
of  rotation  of  the  filaments,  signals  from  two 
collimators  situated  at  an  angle  of  30°  in  a  plane 
perpendicular  to  the  tube  axis  are  compared.  Method  of 
correlation  analysis  of  the  registrated,  by  the 
oscilloscope,  signals  is  also  used.  The  interrelation 
between  electric  field  power  and  plasiha  density  is 
registrated  by  comparing  the  signal  fi'om  one  of  the 


PHMs  with  a  signal  from  a  microwave  anterma. 

3.  Qualitative  observations 

The  instabilities  studied  are  macroscopic  structures 
which  are  of  the  type  of  filaments.  They  change  in 
number,  shape,  width  and  length  and  usually  rotate. 
The  development  of  their  formation  is  observed  in 
unstationary  conditions  determined  by  changes  of  p. 
With  increasing  p,  the  dynamics  of  the  discharge 
develops  in  two  unstable  stages. 

The  development  of  the  first  stage  (at  p  =  0. 1-50  Torr) 
starts  from  the  stationary  state  of  the  plasma  column. 
The  increase  of  p  causes  the  following  changes  which 
go  in  a  consequence  on  the  background  of  plasma 
which  completely  fills  the  tube:  (f)  the  length  of  the 
plasma  column  shortens;  (zz)  the  oscillations  of  its  end 
which  is  a  cone-shape  region  whose  top  is  at  the 
discharge  end,  become  more  pronounced;  (zzz)  strata — 
several  brighter  and  darker  slabs  perpendicular  to  the 
discharge  axis — appears  close  to  the  end;  (z'v)  the 
plasma  at  the  end  of  the  column  concentrates  in  the 
outer  region  in  a  dipole-type  azimutal  structure  and  the 
cone-shaped  darker  region  in  the  center  has  its  base  at 
the  end  of  the  discharge;  (v)  formation  of  filaments 
starts  from  the  outer  region. 

A  contraction  of  the  discharge  in  .the  filaments  is  the 
second  stage  (p  =  50  Torr-1  Atm).  There  is  no  plasma 
between  these  isolated  structures,  with  azimutal 
rotation,  situated  in  the  outer  region  of  the  tube.  With 
increasing  p,  they  become  brighter;  changes.  At  first 
they  are  four,  later  they  reduce  consequently  to  three, 
two,  one.  Their  length  L  decreases  with  the  increase  of 
p.  The  act  of  each  reduction  of  their  number  is 
accompanied  with  an  increase  of  L.  At  high  pressure 
(p  >  100-200  Torr)  an  unmovable  filament  in  the  center 
of  the  tube  formes  the  discharge. 

At  lower  power  (Pq  =  40-100  W)  the  plasma  column 
and  the  filaments  are  shorter,  the  process  develops 
more  quickly,  the  time  duration  of  the  stages  is  shorter 
and  some  of  them  disappear.  The  rate  dp/dt  of  the 
pressure  variation  strongly  influences  the  picture.  At 
higher  dp/dt,  the  development  is  faster  and  the  different 
stages  are  hardly  distinguished. 

4.  Results 

The  presented  results  give  the  microscopic  parameters 
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of  the  filaments  obtained  at  a  stage  of  uniform  rotation 
(Fig.  2).  Vr  is  determined  by  measuring  the  time  delay 
between  the  signals  fi-om  the  two  PHMs.  With  increas- 


0.0  0.4  time  [s]  0.8 

d 

Fig.  2.  Time  evolution  of  the  signals  from  the  two  PHMs  (b)  and 
(c)  at  dp/dt  =  0.32  Torr/s  obtained  from  (a).  Results  from 
correlation  analysis  in  (d). 


Fig.3.  Time  variation  of  the  electric  field  power  (antenna  signal  in 
(a))  and  the  plasma  density  (signal  from  photomultiplier  in  (b)). 


Formations  like  tongues  at  the  end  of  the  filaments  are 
also  observed.  The  time  evolution  of  the  signal  (Fig.  4) 
picked  by  a  PHM  fi-om  the  end  of  a  filament  shows  that 
it  vibrates  in  axial  direction  with  fi-equency  of  40  Hz. 


ing  dp/dt,  Vr  increases,  the  p-range  of  uniform  rotation 
narrows  and  shifts  towards  lower  p-values  (Table  1).  In 
general,  Vr  is  in  the  limits:  (2-12)  cm/s.  The  filaments 
are  (7-2.5)  mm  in  a  diameter.  For  studing  the  stages  of 
nomegular  behaviour,  a  correlation  method  analysis  is 
developed.  The  method  is  demonstrated  in  Fig.  2d.  The 
time-shifts  of  the  maxima  of  the  correlation  functions 
<x,(to)x2(to+r)>,  <x,(to)x,(to+T)>  and  <X2(to)x,(to+T)>, 
<X2(to)x2(to+ r)>  determine  F). 

At  dp/dt  <  1.5  Torr  s'\  the  filaments  are  structures 
which  concentrate  wave  energy  and  plasma  bunches 
(Fig.  3).  In  the  cases  when  the  variation  of  the  density 
is  from  a  zero  level  (i.e.  filaments  without  plasma 
between  them),  the  variation  of  the  electric  field  power 
is  from  a  given  constant  value.  Therefore  there  is  a 
threshold  field  amplitude  for  creation  the  discharge  in 
the  filaments. 


Fig.4.  Axial  vibration  of  the  end  of  a  filament  (signal  from  a 
photomultiplier). 

In  conclusion,  results  on  unstable  evolution  of  SW 
sustained  discharges  at  varying  p  are  presented.  The 
instabilities — macroscopic  formations  with  a  shape  of 
filaments — are  nonlinear  structures  of  space 
concentration  of  wave  energy  and  plasma  density. 
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Within  the  problem  of  the  Strong  Langmuir 
Turbulence  (SLT)  relaxation  of  electron  beam  exciting 
SLT  remains  a  little  studied.  This  problem  had 
studied  theoretically  (see  for  ex.  [1]  and  ref.  therein) 
and  experimentally  [2,3]  but  discordance  of  results  and 
interpretations  bears  the  problem  continue  to  be 
interesting. 

This  report  concerns  the  evolution  of  beam  electron 
distribution  function  (EDF)  under  conditions  5<1  and 
5>1,  where  [4] 

S ^  A(nJ  (1) 

is  the  beam  parameter  characterizing  Langmuir  field 
intensity,  A  -  kinetic  coefficient,  which  is  equal  to 

.3 

6  •  10  for  our  experimental  conditions,  Vg  -  velocity 
of  beam  electrons  injected  into  the  plasma.  The  value 
5=1  corresponds  to  the  SLT  threshold. 

EFD  was  defined  by  differetiation  of  the  delay  curve 
of  multigrid  analyzer  with  applying  of  linear  voltage 
on  analyzing  grid  of  the  amplitude  450  V  ^d  duration 
0,5  ps  compared  with  Langmuir  cavity  collapsing  time 
from  its  initial  size  =  2k  /  A:,, ,  where 
K  =  /  ^0  *  down  to  its  final  size  «  lOr^^.. 

Thus  one  could  consider  the  delay  curves  measured  to 
be  instant  (with  definit  accuracy),  i.e.  no  averaging 
was  made  through  cavities  ansemle.  Typical 
experimental  parameters  was:  argon  plasma  density 

«()  S  2,5  •  10"  C77z“^ ,  7^  =  2,5  eV,  beam  energy 

=300  eV  and  pressure  7^,.=  5  •  10“^  Torr. 

Consider  the  ralaxation  picture  as  dependance  from 
pumping  parameter  5.  Fig.l  represents  the  EFD 
family  on  various  distance  from  injection  point  for 
subthreshold  case.  One  can  see  that  in  the  case  5=0,2 
the  beam  is  yet  monoenergetic  at  the  distance  z=10  cm 
from  injection  point  and  its  velocity  widtli  is  small 
Av/  Vp«  1.  Futhermore  during  passing  through 
the  plasma  EDF  is  broadened  and  at  the  distance  z=30 
cm  looks  nearly  as  “plateu”  with  Av/  Vp~l.  (Note 
that  our  planar  analyzer  doesn’t  see  the  bulk  of  plasma 
electrons  at  velocities  ~10*  cm/s  due  to  its  aperture). 
Beam  EDF  behavour  at  subthreshold  value  5=0,8  is 
quite  analogous  with  those  difference  that  EDF 
“washing-away”  in  velocities  occures  to  be  more 
quickly. 


Fig.2  illustrates  the  beam  EDF  at  parameters 
exceeding  the  SLT  threshold  (5=2,5  and  5=7).  One 
can  see  many  beams  on  the  EFD  plot,  i.e.  particle 
movement  becomes  manyflowing.  Note  that  EDF  is 
nonstationary  at  every  spatial  point;  at  the  next 
moment  it  may  have  quite  different  view,  but  never 
takes  a  form  of  “plateu”.  By  the  way  one  can  see 
appearance  of  tails  of  fast  electrons  from  the  bulk 
accelerated  in  collapsing  cavities  and  contributing  to 
the  beam  EDF. 

Let’s  discuss  these  results.  First  of  all  the  relaxation 
length  under  subthreshold  values  5  is  not  described  by 
the  quasilinear  formulae  [1]: 

Iql  =  (vo  /  ■  (r,  /  mv^^y  {n,  /  «o) ■  A  (2) 

(A  is  of  order  Coulomb  logarithm)  because  for  our 
parameters  it  must  give  Ig^  ~5  cm  for  5=0,2  and 

cm  for  5=0,8  while  experimental  value  is 
much  more:  Iq^  -25+30  cm.  Second,  although  the 

SLT  reduces  the  beam  relaxation,  however  nonlinear 
relaxation  lenght  appears  always  to  be  (according  to 
theory  [1])  less  than  quasilinear.  This  contradicts  our 
experiment  because  as  follows  fi'om  Fig.2  no 
relaxation  appears  to  be  at  all  under  SLT  conditions. 
The  latter  proposition  is  confirmed  by  the  fact  that  no 
difference  in  turbulence  intensity,  measured  by  bursts 
of  field  in  collapsing  cavities  according  to  methodic 
described  in  [4],  was  found  along  the  beam  path  . 

Manyflowing  character  of  the  EDF  one  could 
probably  explaine  by  that  the  beam  electrons 
accelerated  in  cavities  considered  at  final  stage  as  thin 
plane  capacitors  filled  with  oscillating  field,  suffer  the 
modulation  in  velocities  resulting  in  the  grouping  at 
some  spatial  point.  The  grouping  distance  is 

=  v^laco  (3) 

where  a«l  is  modulation  depth  defined  by  cavity 
potential  a  =  /  2Sq  ,  co  -  modulation  frequency. 

Assuming  w  30  V  (corresponding  to 

where  -  Langmuir  field  of 
cavity)  for  =300  eV  we  obtaine  -1  cm,  so  that 

there  are  many  of  grouping  points  at  our  experimental 
length  where  electron  current  is  localy  high. 

In  conclusion  the  increase  of  upper  energy  of  beam 
electrons  due  to  small  transient  time  for  particles 
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passed  through  collapsed  cavities  were  measured. 
Measurements  were  made  for  constant  beam  pumping 
5=3  varying  beam  energy  in  the  range  150-5-300  eV. 
The  results  are  performed  in  Fig.3  as  dependence  of 
upper  energy  increase  ASq  from  parameter  . 

This  dependence  allows  to  say  a  few  words  about 
Langmuir  field  in  the  plasma.  The  initial  scale  of 
Langmuir  waves  excited  by  electron  beam  decreases 
with  the  beam  energy  decreasing,  so  that  Langmuir 
energy  is  gathered  to  collapsing  cavity  from  less  space. 
From  the  energy  conservation  low  we  have  for 
maximum  electric  field  of  the  cavity  on  final  stage 

=  ^o(km^  l  k^f^ .  Thus  the  energy  increase 
of  transient  electrons 

^Hk^L^  /  '^)l{k,L^  /  2) 

takes  the  form: 

\ _ sinftl-... !  2)  „ 

Excelent  coincidense  of  experimental  values  with  this 
dependence  allows  to  conclude  that  although  the 
average  spatial  Langmuir  field  defined  only  by 
pumping  parameter  8  is  constant,  the  maximum 
electric  field  of  the  cavity  on  final  stage  is  vaiying 
while  the  beam  energy  is  varying.  For  example  for  our 
experimental  parameters  one  could  obtaine 

^max  =  1,2  •  1 0^  V/cm  ( „„  /  «o  r,  =  0,6 )  for 

£'o  =  150eV  and  =  2*  10^  V/cm 

(^I.max  /  nj,  =  1,7 )  for  ^0  =  300 eV. 


Fig.l.  Spatial  evolution  of  electron  beam  under 


subthreshold  values:  a  -  8=0,2  ;  b  -  5=0,8 


Fig.2.  Spatial  evolution  of  electron  beam  under 
overthreshold  values:  a  -  5=2,5  ;  b  -  8=7 


1^0  1*  min 


Fig.3.  Beam  energy  increase  of  transient  electrons 
under  5=3  from  k^L^  (dots). 

Solid  line  -  function  (4) 

Author  thanks  Dr.  Sergeichev  for  discussion. 
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Strong  Langmuir  turbulence  (SLT)  is  characterized  by 
a  collection  of  collapsing  cavities  with  entraped 
bunches  of  Langmuir  waves  [1],  At  the  terminal 
collapsing  stage  before  burnout  the  wave  bunch 
radiates  a  small  part  of  its  energy  stores  nearly  to  the 
plasma  frequency  [2],  There  are  some  ecxpectations 
that  cavity  radiation  carries  information  on  the  field 
structure  of  the^avity  [3],  This  report  is  devoted  to 
a  study  of  the  radiation  spectra  of  a  single  Langmuir 
cavity  in  the  turbulent  plasma  disturbed  by  an  electron 
beam  in  a  presence  of  weak  confining  magnetic  field, 

(Oijl 

The  experimental  device  have  been  described  in  [2], 
Plasma  parameters  were  s4.2cw"^,  7^  S2,5 
eV,  Hq  —45  Gs,  working  gas  -  argon  under  pressure 

•10”^  Torr.  The  plasma  oscillations  of 
Langmuir  bunches  had  been  received  by  thin  wire 
antenna  submerged  in  the  tiubulent  plasma  with 
passband  measured  within  the  limits  of  3  dB  to  be 
5.5^6.15  GHz.  SLT  was  excited  in  the  quiescent 
plasma  by  electron  beam  with  parameters  exceeding 
the  SLT  threshold,  i.e.  under  5>1,  where 

^  =  6  •  10“'  •  (Wj  /  «o)  •  [2], 

The  radiation  spectra  of  single  flash  were  studied  by 
the  sensitive  specrum  analyzer  having  the  property  of 
strobe  a  pulse  in  time  with  a  control  of  gate  delay.  For 
gate  duration  0,5  ps  (while  the  duration  of  the  final 
stage  of  the  cavity  to  be  near  0,2ps)  at  leading  edge  of 
the  beam  pulse  and  moderate  pumping  parameter  5 
over  SLT  threshold  the  separate  flash  regime  was 
realized,  with  the  first,  moreover  single,  flash  trapped 
in  the  gate  with  high  probability.  Its  spectrum  was 
viewed  in  the  band  25  MHz.  The  spectrum  pattern  is 
shown  in  Fig.l  for  the  bearing  plasma  frequency  5,72 
GHz  .  Note  first  of  all  that  it  has  line  structure  with 
lines  to  be  distant  for  instance  on  3,6  ;  5,4;  11,5  MHz 
suggesting  to  idea  that  ion-acoustic  waves  with 
wavenumbers  S0,18  ;  0,28  ;  0,7  modify  the 
electromagnetic  spectrum  of  the  cavity.  The  result 
confirms  a  thesis  that  the  cavity  radiation  occures  near 
to  the  final  stage  of  the  collapse  ,  when  strong  ion 
sound  is  generated  by  the  cavity  walls  movement. 

For  to  reveal  a  spectral  form  of  the  collapsing  cavity 
radiation  the  spectral  patterns  were  averaged  over  the 
large  number  of  single  flashe  realizations  (of  100 


pulses)  at  every  fi-equency  point.  The  results  of  such 
procedure  for  beam  parameter  5=2  and  plasma 
frequency  =  5,74  GHz  are  presented  in  Fig.2.  It’s 

clear  from  Fig.2a  that  the  spectrum  form  of  single 
cavity  consists  of  three  lines  separated  with  interval 
120-5-150  MHz  ,  which  is  approximately  equal  to 
electron  gyrofrequency  and  varies  proportionally  to  the 
magnetic  field  strength.  Thus  for  external  magnetic 
field  77,  =30  Gs  this  interval  decreases  to  90  MHz  , 
i.e.  for  =1,5  A/jj  /  A/j  is  approximately  the 

same  1,5.  It  immediately  follows  that  the  cavity  field 
oscilations  undergo  modulation  with  the  electron 
gyrofi'equency,  thus  spectral  peaks  are  presented  at  the 
frequencies  CO  =  (O ^^,(0 ±0) ^  .  Note  that  the 

same  effect  takes  place  for  the  radiation  of  second 
harmonic  (see  Fig.  3  ).  For  its  observing  by  the  same 
antenna  we  had  decreased  the  plasma  density  by  4 
times  so  the  main  plasma  frequency  observed  by  the 
cavity  radiation  is  equal  to  2,87  GHz.  The  intensity  of 
second  harmonic  in  10  times  lower  in  comparison  with 
the  first  harmonic  intensity. 

As  was  mentioned  above  the-  form  of  spectral  line 
could  give  a  useful  information  about  cavity  field 
structure.  According  to  [3]  the  radiation  line  form  of 
the  N-th  harmonic  of  the  Langmuir  soliton  is  defined 
as 

{Aco)  oc  Aco~'’'‘^ X 


x[l  +  ^- 


Aot 


] 


(1) 


where  Ao  is  frequency  shift  to  the  red  side 
respectively  to  the  main  line,  ^  ~  1  .  The  first  term  in 
brackets  is  responsible  for  quadrupole  radiation,  while 
the  second  term  -  for  dipole  radiation. 

Fig.4  shows  spectral  form  of  the  I  and  II  harmonics 
obtained  from  our  measurements.  It  follows  that  for 

A(y  /  6?  >5  •  10“'  the  dependance  has  polynomial 
form  with  degree  =  -  3,5  .  It  follows  from  (1)  that  in 
the  case  of  pure  dipole  radiation  /,(A<»)  oc  Aco~^'^  , 
while  in  the  case  of  pure  quadrupole  radiation 
7,  (a®)  oc  Aco  .  Thus  comparing  experimental 


and  teoretical  degrees  one 

could  suppose  the  quadrupole  radiation  to 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


11-197 


be  dominant. 

The  structure  of  the  second  harmonic  (Fig.  4)  gives 
the  degree  n  =  -  1,3  which  is  closed  to  the  degree  for 
quadrupole  radiation  n  =  -  1,75.  However  one  could 
note  from  (1)  that  the  line  form  of  the  second 
harmonic  has  nontrivial  structure;  the  intensity  falls 
down  from  the  begining  but  then  bebins  to  grow 
behind  some  value  of  Am.  It  is  that  dependance  which 
we  observed  experimentally  (Fig.3). 

Thus  our  conclusion  is  that  the  Langmuir  cavity  as  a 
radiation  source  represents  the  mixture  of  dipole  and 
quadrupole  with  predomination  of  the  latter.  This 
conclusion  coinsides  with  those  pointed  in  [4],  which 
concerned  the  numerical  simulation  of  Zakharov 
equations. 

At  last  let’s  note  that  the  line  splitting  in  magnetic 
field  to  three  lines  of  approximately  equal  intensity  is 
surprisingly  analogous  to  Zeeman  effect  of  atomic  line 
splitting:  Af  =  j^^gMjH  ,  =  -  J , . . . ,  J , 

-  Bohr  magneton,  g  -  Lande  factor,  J  -  total 
momentum.  Using  this  analogy  and  muldplet  of  three 
lines  we  could  say  that  Langmuir  cavity  looks  as 
particle  with  J  =  1  from  the  point  of  view  of  quantum 
mechanics. 

This  work  was  supported  by  the  Russian 
Fundamental  Science  Foundation,  Project  No  96-02- 
17640. 
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Fig.l.Spectrum  pattern  of  the  single  cavity  radiation  in 
the  band  25  MHz  (single  pulse,  not  averaged) 


Fig.2.  Spectral  form  of  the  single  cavity  radiation 
on  the  main  frequency  (  =5,74  GHz): 

a-  /Tp  =  45  Gs  ;  b  -  =  30  Gs. 


GHz 


Fig.3.  Spectral  form  of  the  single  cavity  radiation 
on  the  second  harmonic  (/^=2,87  GHz), 

^0=55  Gs. 


Fig.4.  The  dependance  of  line  intensity  from 
frequency  deviation;  a  -  first  harmonic,  b  - 
second  harmonic. 
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1.  Introduction 


3.  Results  and  Discussion 


Recently  there  has  been  great  interest  in  chaotic 
phenomena  in  plasma  physics.  Chaotic  phenomena 
have  been  observed  in  the  nonlinearlity  of  plasma 
sheath  [1]  or  the  instability  of  discharge.  For  the  pres¬ 
ent,  the  chaos  phenomena  via  frequency  bifurcation  was 
reported  in  an  electron  beam  plasma  system  [2]  and  DC 
discharge  plasma.  Intermittency  is  well  known  as  one 
of  the  typical  route  to  chaos.  As  the  characteristic  of 
intermittent  chaos,  the  burst  type  time  series  which 
consist  of  a  periodic  laminar  motion  and  a  turbulent 
nonperiodic  burst  is  observed. 

In  the  DC  discharge  plasma  system,  it  was  reported 
that  an  ion  acoustic  wave  instability  including  the  burst 
type  oscillation  is  excited,  when  the  plasma  is  biased  by 
the  static  field  [3].  When  the  electron  drift  velocity  is 
larger  than  the  ion  acoustic  velocity,  the  ion  acoustic 
instability  is  excited  [4],  and  then  the  burst  type 
autonomous  oscillations  appear.  In  this  paper,  we  pre¬ 
sent  the  first  investigations  of  the  chaotic  analysis  of 
autonomous  oscillation  caused  by  an  ion  acoustic  insta¬ 
bility. 

2.  Experimental 


When  Vm  exceeds  a  certain  threshold  with  gradu¬ 
ally  biasing  the  mesh  electrode,  an  instability  is  found 
to  be  excited  around  the  ion  plasma  frequency  (~500 
kHz).  Figure  1  shows  the  typical  example  of  frequency 
spectra  measured  by  the  biased  mesh.  At  Vm=25  V,  a 
broad  peak  of  instability  excited  around  fj,i.  We  consider 
that  the  broad  peak  frequency  is  slightly  smaller  than 
since  the  plasma  density  between  mesh  electrodes  is 
lower  than  that  in  the  outside  region.  With  increasing 
the  V„„  it  grows  and  moves  in  the  lower  frequency 
region,  and  a  few  broad  peaks  appear.  In  the  low  fre¬ 
quency  region,  the  frequency  difference  between  two 
neighboring  peaks  is  almost  constant,  and  it  decreases 
for  higher  frequency  components,  as  shown  in  Fig.l. 
Since  it  is  found  that  the  observed  frequency  spectra 
become  discrete  and  the  interval  of  observed  frequency 
spectra  independent  of  the  distance  between  electrodes 
in  preliminary  experiments,  the  observed  phenomena  is 
not  excited  by  the  traveling  double  layer. 


The  experiments  are  carried  out  using  a  Double 
plasma  device.  The  chamber  dimensions  are  70  cm  in 
diameter  and  120  cm  in  axial  length.  Argon  gases  are 
introduced  into  the  chamber  with  pressures  of  4. 0-5.0  X 
lO"''  Torr.  The  chamber  is  separated  into  a  driver  region 
and  a  target  one  at  the  center  by  a  separation  grid  kept 
at  a  floating  potential,  and  the  experimental  region  is 
target  region.  Plasma  is  generated  only  in  the  target 
region,  and  two  parallel  mesh  electrodes  (10  cm  in 
diameter,  50  mesh/inch)  are  installed  in  the  region  at 
interval  of  about  3  cm.  One  electrode  (chamber  wall 
side)  is  biased  positively  and  the  other  (separation  grid 
side)  is  kept  at  floating.  The  discharge  current  Ij  and 
discharge  voltage  Vj  in  the  target  region  are  kept  at  60 
mA  and  at  150  V,  respectively.  Only  voltage  biased  to 
the  mesh  grid  is  varied  as  a  control  parameter  of  the 
system  (Vm).  All  of  the  experimental  measurements  are 
obtained  from  the  perturbation  components  of  the  cur¬ 
rents  on  the  biased  mesh.  Typical  plasma  parameters 
are  follows:  the  electron  density  m  ~2-5  X  10®  cm'^,  the 
electron  temperature  and  the  ion  temperature  near  the 
mesh  electrode  are  Te  ~  1-2  eV  and  Tj  ~  Te  /lO,  respec¬ 
tively. 


•£ 

w 

•u 


Q. 

E 

< 


V„s32V _ 

.v' .--X 

X'\  -  V„  =  28V 

V„  =  26V _ 

V„  =  25V_ 


0 


'  500  *  ^ 

Frequency  (kHx) 


1000 


Fig.  1  Typical  frequency  spectra  of  the  perturbation 
components  of  the  biased  mesh.  Solid  line  denotes  the 
noise  level. 

These  spectrum  represents  the  dispersion  of  the 
wave.  The  n  th  wave  number  k„  corresponding  to  the  n 
th  spectrum  component /„,  is  given  by  k„=  2nnlL,  where 
L  is  the  distance  between  electrodes.  Then,  n  th  wave 
number  k„  and  co,,  (=27c/„)  is  obtained  as  a  L®  diagram 
[3].  The  dispersion  relation  of  the  observed  wave  agree 
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with  a  theoretical  dispersion  of  the  ion  acoustic  wave. 

In  order  to  investigate  the  behavior  of  the  system, 
we  measure  the  time  series  by  the  biased  mesh,  and 
reconstruct  phase  portraits  using  the  embedding 
method.  Figures  2  (a)  and  2  (b)  show  the  typical  time 
series  and  phase  portraits  for  Vm=26  V  and  Vm=30  V, 
respectively.  The  time  delay  is  set  as  x  =1.0X10“®  s. 
The  burst  type  oscillation  is  found  to  appear  at  V„,=26 
V.  With  increasing  Vm,  the  interval  of  bursts  is  shorten, 
and  the  system  becomes  turbulent. 


(a)  (b) 


Fig.  2  Typical  time  series  and  phase  portraits:  (a)  Vn,= 
26  V  and  (b)  V„=  30  V  . 


0  5  10 

Embedding  Dimension 


Fig.  3  Correlation  dimension  of  the  attractors  recon¬ 
structed  from  time  series  for  each  Vm  of  Fig.  1. 

Figure  3  shows  the  correlation  dimension  which 
correspond  to  each  Vm  of  Fig.l.  For  the  Vm=25  V  and 
26  V,  the  correlation  dimensions  are  not  saturated,  in 
spite  of  the  increase  of  the  embedding  dimension.  Thus, 
the  system  is  not  chaotic.  On  the  other  hand,  when 


Vm  >  28  V,  the  correlation  dimensions  are  saturated.  At 
Vm=30  V,  especially,  the  correlation  dimension  is  about 
2.3.  Therefore,  the  system  may  be  in  an  intermittent 
chaotic  state,  since  it  have  the  burst  type  oscillations 
and  the  fractal  dimension. 

For  the  Vm=26  V  and  Vm=30  V,  we  calculate  the 
Lyapunov  exponent,  as  shown  in  Fig.4.  As  seen  in  this 
figure,  the  largest  Lyapunov  exponent  is  about  1.9. 
Since  the  Lyapunov  exponent  is  positive  and  the  corre¬ 
lation  dimension  is  fractal,  this  system  is  intermittent 
chaos.  Concerning  to  the  determination  of  type  of  in- 
termittency,  the  result  of  the  numerical  prediction  of  1// 
noise  and  of  the  probability  distribution  of  laminar 
length  almost  agree  with  the  theory  of  type-I  intermit- 
tency.  Thus,  the  present  system  may  be  in  type  I  inter¬ 
mittent  chaos  state. 


time  (//see) 

Fig.  4  Largest  Lyapunov  exponents  of  the  attractors  of 
(a)  not  chaotic  state  (b)  chaotic  state. 

4.  Conclusion 

Using  two  parallel  mesh  electrodes  which  are  biased 
positively,  we  excite  an  ion  acoustic  wave  instability. 
The  control  parameter  of  this  system  is  the  mesh  biased 
voltage(Vm).  When  Vm>26  V,  the  burst  type  autono¬ 
mous  oscillation  is  experimentally  observed  around  the 
ion  plasma  frequency  (/^,=500  kHz).  For  the  Vm  >  30  V, 
the  phase  portraits  reconstructed  from  observed  time 
series  are  chaotic,  and  the  correlation  dimensions  are 
above  2  and  fractal.  Furthermore,  at  Vm=30  V,  the 
largest  Lyapunov  exponent  is  positive,  1.9.  These  re¬ 
sults  suggest  that  the  system  reaches  intermittent  chaos. 
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1.  Theoretical  remarks 

The  Eckhaus  instability  [1]  is  a  pattern  selecting 
instability  of  the  uniform  state  in  the  vicinity  of  the 
threshold  of  the  instability  owing  to  nonlinearities. 
This  instability  appears  whenever  the  system  is 
forced  to  have  a  wave  number  outside  a  nonlinear 
stable  band  that  is  not  limited  by  linear  mechanisms. 
Experimentally,  instability  mechanisms  of  this  kind 
were  found  in  hydroctynamic  systems  (e.g.  [2])  and 
the  effect  of  the  Eckhaus  mechanism  can  be  shown 
experimentally  by  spatio-temporal  observations  of  the 
pattern  formation  in  the  vicinity  of  the  stability 
limits. 

Theoretically  it  is  well  known  that  there  are  model 
equations  that  are  susceptible  to  the  Eckhaus 
instability,  like  equations  of  the  Girtzburg-Landau 
(GL)  type  [3].  In  the  case  of  a  transition  from  sub-  to 
supercritical  Hopf  bifurcations  in  the  vicinity  of 
threshold  the  GL  equation  has  to  be  modified  by 
further  nonlinear  terms  [4].  It  has  been  shown  that 
additional  nonlinear  terms  of  such  kind  are  essential 
for  a  proper  description  of  the  bifurcation  behavior  of 
ionization  waves  [5],  which  are  well  known  to  exhibit 
a  variety  of  nonlinear  behaviors  (e.g.  [6]).  A  review 
on  ionization  waves  was  given  by  Ohe  [7]  depicting 
the  properties  of  this  nonlinear  wave  phenomenon. 

In  this  paper  we  report  on  the  observation  of  the 
Eckhaus  instability  in  a  glow  discharge  plasma. 

2.  Experimental  results 

The  experiments  presented  in  this  paper  were 
performed  in  a  neon  glow  discharge  tube  (po==1.5 
Torr,  ro=lcm)  driven  by  a  current  source  (i<20  mA). 
The  spatio-temporal  variation  of  the  light  intensity 
was  observed,  which  was  due  to  the  metastable  atoms 
that  are  involved  in  the  physical  mechanism  of 
ionization  waves.  It  is  a  peculiarity  of  bounded 
systems  of  a  length  L  to  show  a  discrete  spectrum  of 
allowed  wave  states  that  may  be  represented  by  a 
wave  number  ko 

kn=27tn/L.  (1) 

In  the  experiments  described  here  only  wave  modes 
with  a  discrete  power  spectrum  are  observed  above  a 
critical  current  (ic=9  mA).  Below  this  threshold  no 
self-excited  ionization  waves  are  observable 
representing  a  uniform  state.  If  the'  current  is 
increased,  mode  transitions  appear  for  well  defined 
current  values.  If  the  current  is  decreased  from  the 


experimentally  limited  maximum,  mode  transitions 
appear  as  well.  However,  the  currents  corresponding 
to  mode  transitions  were  different  indicating  a 
hysteresis  [see  Fig.  (1)].  We  should  remark  that  our 
system  always  contains  only  one  wave  mode  which  is 
nonlinearly  stable  in  between  the  transition  currents. 

The  linear  stability  of  the  uniform  state  to  a 
perturbation  with  a  wave  number  k  is  given,  if  the 
growth  is  less  than  zero,  reflecting  a  decaying  wave 
state.  We  performed  a  linear  stability  analysis 
experimentally  by  the  temporal  observation  of  an 
externally  driven  p-wave.  We  are  able  to  prepare 
wave  states  of  any  wave  number  and  amplitude  by 
applying  a  modulated  current  to  the  discharge 
current.  The  amplitude  of  the  driven  waves  was 
chosen  to  be  small  compared  to  the  saturated 
amplitude  of  the  self-excited,  nonlinear  waves.  If  the 
current  is  varied  for  a  perturbation  of  a  fixed  wave 
number  k,  we  identity  a  critical  current  ii(k) 
corresponding  to  the  amplitude  of  the  perturbation 
that  represents  a  zero  growth  rate  c.  This  procedure 
yields  the  neutral  curve  in  Fig.  (1). 


Figure  1:  Stability  diagram  of  p-waves  in  a  neon  glow 
discharge.  Solid,  vertical  lines  represent  stable,  self 
excited  wave  modes.  Horizontal  arrows  indicate 
mode  transitions.  Hollow  squares  connected  by  the 
spline  curve  represent  the  curve  of  linear  stability  of 
the  uniform  state  (hatched  area). 

In  order  to  confirm  a  pattern  selecting  mechanism, 
we  observed  the  spatio-temporal  behavior  of  a  mode 
transition  given  in  Fig.  (2)  using  a  stroboscopic 
imaging  techmque.  The  discharge  current  was  slowly 
varied  in  order  to  arrive  at  the  stability  limit  of  the 
wave  pattern.  The  mode  transition  k,  ->  k^i  was 
observed.  The  diagram  shows  wave  crests  and 
troughs  (density  of  black  dye)  representing  equal 
phases  of  the  waves  as  a  function  of  space  (abcissa) 
and  time.  The  spatial  range  given  in  Fig.  2  represents 
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locations  where  the  p-waves  were  found  to  be 
saturated.  In  the  center  of  the  diagram  a  bifurcation 
of  the  lines,  representing  the  waves’  phases,  can  be 
identified.  Thus,  the  pattern  selecting  process  appears 
in  the  volume  of  the  system  as  it  would  be  predicted 
by  theory.  We  should  mention  that  the  exact  position 
of  a  mc^e  transition  is  not  predictable,  neither  in 
space  nor  in  time.  The  mode  transition  was 
accompanied  by  a  rise  of  side-bands  that  could  be 
observed  if  the  system  was  driven  in  the  vicinity  of 
the  instability. 


0  .  5  10 


—  Anode  x  [cm]  Cathode- 


Figure  2:  Space  time  diagram  of  a  mode  transition  of 
saturated  p-waves  in  the  positive  column  of  a  neon 
glow  discharge.  The  shade  of  the  black  colour 
represents  the  phases  of  the  waves. 
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3.  Conclusions 

We  have  presented  experimental  investigations  of 
linear  and  nonlinear  stability  of  ionizations,  waves  (p- 
waves).  We  observed  the  spatio-temporal  behavior  of 
a  mode  transition  of  different  nonlinear  stable  wave 
states,  suggesting  a  mechnism  related  to  a  general 
nonlinear  instability,  the  Eckhaus  instability. 
Theoretical  considerations  led  to  a  model  equation  of 
the  GL  type,  supporting  the  experimental  results.  In 
conclusion,  we  reported  on  the  observation  of  the 
Eckhaus  instability  in  a  glow  discharge  plasma. 
Comparing  our  results  to  other  experiments  we  found 
our  system  to  exhibit  a  strong  pattern  selection  [5]. 

Finally,  we  would  like  to  point  out  that  instabilities  of 
the  Eckhaus  type  should  be  expected  to  appear  in 
completely  different  plasma  states  related  to 
nonlinear  wave  phenomena  owing  to  the  universality 
of  the  instability  mechanism. 
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Abstract 

Fluid  dynamic  modelling  of  multi-component  plasmas 
leads  to  a  multi  point  boundary  value  problem  if  the  ion 
inertia  as  well  as  an  isotropic  ion  partial  pressure  are 
taken  into  account.  A  numerical  solution  to  this  task  is 
presented. 

Physical  model  and  basic  equations 

A  multi  fluid  model  of  a  low  pressure  gas  discharge  is 
considered.  Each  species  (electrons,  different  kinds  of 
positive  ions)  is  described  by  the  equations  of  particle 
balance  and  momentum  conservation.  Models  de¬ 
scribing  several  ion  species  were  previously  treated,  but 
simplifications  were  used.  The  static  ion  pressure  was 
neglegted  in  [1],  while  quasineutrality  was  assumed  in 
[2].  In  this  work,  a  homogenous  ion  pressure  as  well  as 
the  space  charge  density  are  taken  into  account. 
Therefore,  the  model  describes  the  bulk  and  the  sheath 
simultaneously. 

The  particles  are  generated  within  the  plasma  by 
electron  impact  ionisation  of  the  neutral  gas.  The  neutral 
gases  are  regarded  as  motionless  with  spatially  constant 
densities.  The  carrier  motion  is  influenced  by  the 
electric  field,  the  elastic  collisions.  Coulomb  collisions, 
the  inertia  and  the  partial  pressure  gradient.  The  electric 
field  is  calculated  from  the  Poisson  equation. 

The  model  describes  the  positive  column  of  a  cylindical, 
axially  homogenous  and  time  invariant  discharge.  Only 
one  spatial  dimension  (radius)  has  to  be  considered.  The 
governing  equations  are: 

^■^(rrijmjv])  +  k^T.  ^  =  q.n.E  -  tijtn.v.Vj  +  AP/ 
e„7*(f£')= 

V  '■  y 

The  variables  are  the  particle  densities  the  radial 
components  of  the  drift  velocities  V-  and  radial 
component  of  the  electric  field  E.  nfi-  denotes  the 
generation  of  particles  of  species  j  (j  =electrons,  ion 
species)  by  electron  impact  ionisation.  G-  depends  on 
the  electron  temperature  and  the  neutral  gas  density  of 
species  j .  The  mass  nip  the  temperature  T-  and  the 

charge  q.  describe  the  particle  j.  Vj  is  the  elastic 

collision  frequency  and  AP^  the  Coulomb  collision 
term. 

The  boundary  conditions  have  to  be  stated  at  the  axis, 
within  the  plasma  and  at  the  wall.  The  radial  vector 
components  have  to  vanish  on  the  axis.  Electron  and 
neutral  densities  may  be  choosen  on  the  axis.  The 
electron  drift  speed  at  the  wall  is  nearly  sound  speed  [3], 


which  leads  to  an  eigenvalue  problem  for  the  electron 
temperature.  One  more  boundary  condition  per  ion  is 
needed.  These  boundary  conditions  have  to  be  stated  at 
the  points  where  one  ion  species  attains  its  sound  speed. 
The  left  hand  sides  of  the  particle  and  the  momentum 
balance  are  linearly  dependent  at  the  point  of  sound 
speed  (singular  point).  In  order  to  obtain  a  physically 
reasonable  solution,  the  right  hand  sides  must  be  linearly 
dependant  too,  which  is  the  boundary  condition  for  this 
ion  species  [4]. 

Solution  method 

The  set  of  differential  equations  is  transformed  to  a  set 
of  nonlinear  algebraic  equations  by  finite  volume 
discretisation.  The  resulting  set  of  algebraic  equations 
and  the  boundary  conditions  are  solved  by  Newton 
iteration. 

Treatment  of  the  boundary  conditions 

In  addition  to  the  densities  and  velocities  the  locations 
of  the  ion  sound  speed  points  must  be  calculated  in  each 
step  of  the  iteration  from  the  current  guess  of  the  radial 
velocity  profiles.  The  boundary  condition  for  each 
singular  point  is  evaluated  by  interpolating  the  grid  point 
values  to  the  point  of  sound  speed.  The  interpolation 
requires  a  very  fine  grid  in  the  region  of  the  singular 
points. 

Numerical  treatment 

The  Jacobian  of  the  system  is  very  ill  conditioned.  This 
is  caused  by  the  difference  between  the  masses  of  ions 
and  electrons  and  the  steep  gradients  in  the  sheath, 
where  the  mean  drift  velocity  of  electrons  rises  to 
approximately  sound  speed.  Therefore,  a  direct  matrix 
solver  must  be  used.  In  this  work,  a  standard  subroutine 
Gauss  solver  for  banded  matrices  was  used  in  order  to 
exploit  the  sparsity.  A  minimal  band  width  of  the 
Jacobian  requires  dynamic  reordering  of  the  linearized 
equations  when  the  radii  of  the  singularities  change. 

The  Newton  iteration  fails  due  to  the  strong  coupling  of 
the  differential  equations  unless  an  excellent  initial 
guess  is  used.  This  guess  is  obtained  by  solving  the  two 
point  boundary  value  problem,  which  is  obtained  by 
assuming  zero  ion  temperature  [1][5]. 

All  discretisation  was  done  by  using  an  implicit  scheme. 
At  higher  ion  temperatures  a  fully  implicit  scheme  is 
recommended  for  the  discretisation  of  the  source  term  of 
the  Poisson  equation,  although  it  is  less  precise  for  small 
integration  steps  [6].  On  the  other  hand,  a  fully  implicit 
scheme  is  more  stable. 

Results 

Calculations  are  carried  out  for  a  helium  plasma  with 
admixtures  of  hydrogen  and  nitrogen.  According  to  an 
experimental  setup,  the  positive  column  of  a  cylindrical 
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cascade  arc  at  a  pressure  of  100  Pa  with  a  tube  radius  of 
3.5  mm  was  assumed.  As  in  the  experiment,  a  ratio  of 
generated  carriers  of  0.964:  0.027;  0.009  from  helium, 
nitrogen  and  hydrogen  respectively  was  adjusted  by 
ehoosing  neutral  gas  densities.  Under  the  experimental 
conditions,  all  ion  temperatures  are  small  compared  to 
the  electron  temperature.  The  ion  densities  are  normal¬ 
ized  to  the  measured  electron  densitiy  on  the  axis 
(2.2-10'^/n~^).  The  calculated  electron  temperature  is 
12  eV. 

Fig.  1  shows  the  fraction  of  the  different  ion  species  at 
vanishing  ion  temperature  and  neglected  Coulomb 
interaction.  In  Fig.  1,  the  densities  are  multiplied  by 
additional  factors  in  order  to  allow  comparision  between 
the  profiles.  The  hydrogen  profilers  dip  is  due  to  a 
runaway  effect  of  the  mobility  [7].  The  ion  fractions  on 
the  axis  are  calculated  from  the  boundary  conditions  by 
use  of  the  generation  ratios,  which  depend  on  the 
densities  of  neutrals  and  the  electron  temperature. 


Fig.  1:  Densities  of  cold  ions  without  Coulomb  colli¬ 
sions. 


Fig.  2:  The  effect  of  temperature  and  Coulomb  colli¬ 
sions  on  the  hydrogen  density. 

In  the  following,  four  cases  are  examined.  Calculations 
are  earried  out  for  two  ion  temperatures  (zero,  10%  of 
T^)  with  and  without  Coulomb  interaction.  In  Fig.  2  and 
3,  the  density  profiles  are  shown  for  hydrogen  and 
nitrogen.  The  density  of  hydrogen  ions  is  decreasd  with 
inereasing  temperature.  This  is  caused  by  increased 
diffusion  towards  the  wall.  Coulomb  friction  with  other 
ions  reduce  the  diffusion  of  hydrogen,  thus  leading  to 
higher  densities. 


The  effect  of  temperature  on  the  nitrogen  density  is 
more  complicated.  Neglecting  Coulomb  collisions,  the 
density  of  nitrogen  is  decreased  with  increasing 
temperature.  If  Coulomb  collisions  are  taken  into 
account,  the  density  is  increased  with  the  ion 
temperature.  This  might  be  understood  by  the  following 
considerations:  due  to  their  mass,  cold  nitrogen  ions  are 
drifting  to  the  wall  at  relatively  low  speed.  If  Coulomb 
friction  is  taken  into  account,  nitrogen  is  pushed  to  the 
wall  by  ions  of  the  much  lighter  helium  buffer  gas. 
Therefore,  the  nitrogen  ion  density  is  decreased  on  the 
axis  while  the  helium  ion  density  is  increased.  At  high 
temperature,  thermal  diffusion  increases  the  nitrogen  ion 
flux  and  decreases  the  Coulomb  frietion  and  the  push 
out  by  lighter  atoms. 

Due  to  the  higher  temperatures,  the  net  space  charge 
density  at  the  axis  is  reduced  by  9  %. 


Fig.  3:  The  effect  of  temperature  and  Coulomb  collisons 
on  the  nitrogen  density 

Discussion 

It  is  well  known  that  the  influence  of  ion  temperatures 
on  the  radial  distributions  of  den’sites  and  velocities  is 
small.  In  multi-component  plasmas,  the  ion  temperatures 
may  influence  the  mixtures  of  positive  ions.  Different 
behavior  is  observed  for  ions  lighter  and  heavier  than 
the  buffer  gas,  if  ion-ion  interactions  are  taken  into 
account. 
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Abstract 

A  hydrodynamic  model  for  cylindrical  Langmuir  probes 
is  suggested.  For  negatively  biased  probes,  the  collection 
of  positive  ions  is  calculated.  The  space  charge  in  the 
sheaths,  inertia  of  ions  and  electrons  are  considered. 
Collisions  of  charge  carriers  and  a  non  zero  ion 
temperature  are  taken  into  account.  Finally,  the  model  is 
compared  with  measurements. 


A  hydrodynamic  plasma  model 

Single  Langmuir  probes  are  widely  used  for  diagnostics 
of  low  pressure  discharges.  Normally,  it  is  assumed  that 
a  probe  immersed  in  a  plasma  only  has  minor  influence 
on  the  discharge  itself  [1],  The  influence  of  probes  on 
low  pressure  discharges  was  already  investigated  by 
Waymouth  [2]  and  Valentini  [3],  [4].  Therefrom  it  is 
known  that  the  region  influenced  by  a  probe  is  much 
more  extent  than  a  few  Debye  lengths. 

To  get  an  appropriate  description  for  a  probe  influencing 
the  discharge,  the  whole  system  must  be  modelled.  This 
can  be  achieved  by  using  a  two  fluid  hydrodynamic 
model. 

From  the  Boltzmann  equation,  a  set  of  conservation 
equations  can  be  derived  to  describe  the  behaviour  of 
low  pressure  discharges  [5]. 

We  restrict  ourselves  to  a  two  moment  model  and  the 
case  of  a  steady  state.  For  a  cylindrical,  one  dimensional 
geometry  the  governing  equations  are: 


Id/  \  _ 

I"  ^  V  /  ~ 

7^(r  nejme,iVe,i)  =  qe.iHe.iE  -  kTe,; 


dr 


where  r  denotes  the  distance  from  the  axis,  n^ ;  and  m^  j 
the  number  densities  and  masses  of  electrons  and  ions, 
respectively.  The  correspondig  radial  drift  velcocities  are 
Vej.  The  charge  of  electrons  and  ions  are  described  by 

qe.i- 

The  carriers  are  considered  to  have  constant,  non  zero 
temperatures  denoted  by  T^i.  Inelastic  collisions  are 
taken  into  account  by  assuming  a  rate  G  which  describes 
the  generation  of  electrons  and  ions  by  impact  ionisation. 
Hereby  G  depends  on  the  electron  temperature  T^  and 
the  density  of  the  neutral  gas  from  which  electrons  and 
ions  are  produced.  Elastic  collisions  with  neutral 
particles  which  cause  a  loss  of  momentum  for  charged 
carriers  are  taken  into  account  by  the  effective  collision 
frequencies  v^ 

With  respect  to  the  sign  of  their  charge,  the  particles  are 
accelerated  or  decelerated  by  an  electric  field  strength  E. 


The  dependence  of  the  field  strength  on  the  space  charge 
is  given  by  the  Poisson  equation: 

7^(rE)=eo(qini+qene) 

where  Eq  is  the  permittivity  of  the  vacuum. 

Geometry  and  boundary  conditions 

A  cylindrical  geometry  consisting  of  two  coaxial 
electrodes  is  investigated. 

The  outer  electrode  is  hollow  and  serves  as  the  discharge 
vessel.  The  discharge  is  assumed  to  be  powered  by  an 
external  RF  magnetic  field.  The  inner  electrode  is 
considered  to  be  a  probe  and  therefore  has  a  much 
smaller  diameter.  By  applying  a  voltage  between  the  two 
electrodes  a  current  is  drawn. 

The  formulation  of  appropriate  boundary  conditions  [4], 
[5]  leads  to  a  multipoint  boundary  value  problem.  The 
model  has  to  be  supplied  with  the  following  data:  probe 
and  reactor  radius,  neutral  gas  temperature  and  pressure, 
the  peak  ion  density,  and  the  current  drawn  by  the  inner 
electrode.  The  ion  temperature  is  assumed  to  be  equal  to 
the  temperature  of  neutral  particles. 

The  electron  temperature,  the  potential  difference 
between  the  electrodes,  density  distributions  for 
electrons  and  ions,  respectively,  as  well  as  the 
corresponding  distributions  of  radial  velocities  and  the 
electric  field  are  calculated. 

Discussion  of  theoretical  results 

Especially  the  assumption  of  a  non  zero  ion  temperature 
results  in  numerical  difficulties.  The  system  consisting  of 
5  ordinary  nonlinear  differential  equation  can  not  be 
solved  by  standard  integration  algorithms. 

A  solution  can  be  found  by  using  a  finite  volume 
discretisation  and  a  deformable  grid. 

Theoretical  results  will  be  presented  in  the  following  for 
a  cylindrical  discharge  vessel  with  a  radius  of  0.1  m.  An 
Argon  discharge  (p^  =  1.0  -  100  Pa)  with  a  peak  ion 
density  of  10*V’^  is  investigated.  The  assumed  probe 
radius  was  50  pm. 

Fig.  1  shows  the  radial  electron  density  distribution  for  3 
different  neutral  gas  pressures.  With  increasing  pressure, 
the  discharge  becomes  more  diffusion  dominated  and  the 
profiles  flatten. 

The  influence  of  the  probe  voltage  on  the  sheath  region 
surrounding  the  probe  is  shown  in  Fig.  2.  A  significant 
difference  between  electron  and  ion  density  occurs  and 
decreases  towards  the  plasma.  The  distribution  of 
electron  and  ion  density  is  shown  for  two  applied 
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voltages  (5.8V,  -29V).  In  the  first  case,  the  probe  is 
floating,  the  net  current  drawn  by  the  probe  equals  zero. 
In  the  second  case,  the  probe  is  negatively  biased  which 
leads  to  a  depletion  of  electrons  in  the  sheath  region.  For 
both  voltages  the  cylindrical  geometry  causes  an  increase 
of  the  ion  number  density  in  a  layer  very  close  to  the 
probe. 


r[m] 


Fig.  1.  Radial  electron  density  profiles  for  a  neutral  gas 
pressure  range  from  1  Pa  to  100  Pa 


'IK 
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r[m] 


Fig.  2.  Radial  electron  and  ion  density  profiles  in  the 
sheath  region  close  to  the  probe  for  a  neutral  gas 
pressure  of  10  Pa. 

Comparison  with  experiment 

Experiments  were  carried  out  in  an  ICP  reactor  with 
argon  in  a  pressure  range  from  1-100  Pa.  To  determine 
electron  density  and  temperature  a  Langmuir  probe  with 
diameter  50  pm  and  a  length  of  5  mm  was  used.  The 
electron  density  was  obtained  from  the  current  at  the 
plasma  potential,  the  electron  temperature  was  calculated 
from  the  slope  of  the  current  in  this  point. 

In  order  to  check  the  validity  of  the  model,  first  of  all 
calculated  and  measured  values  of  the  mean  electron 
energy  were  compared.  Figure  3  shows  the  excellent 
agreement. 


The  dependence  of  the  probe  current  on  the  applied 
voltage  is  shown  in  Fig.  4.  Over  the  pressure  range  from 
5-100  Pa  a  good  correlation  between  simulation  and 
measurement  can  be  observed.  As  an  expample  the 
current-voltage  characteristics  for  two  neutral  gas 
pressures  are  shown  in  Fig.  4. 


Fig.  3.  Mean  Electron  Energy  in  dependence  of  the 
neutral  gas  pressure:  comparison  between  theory  and 
experiment 


Fig.  4.  Probe  currents  in  dependence  of  applied  voltage 
for  neutral  gas  pressures  5  Pa  and  100  Pa. 
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1.  Introduction 

The  use  of  plasma  jets  for  spray  coating  plays 
an  important  rule  of  the  thermal  plasmas  applications. 
However,  the  injection  of  particles  in  a  plasma  jet 
modifies  its  structure,  leading  to  a  cooling  of  the  jet  and 
a  contraction  of  the  flow.  A  good  knowledge  of  these 
phenomena  is  necessary  to  improve  the  quality  of  the 
processes  and  numerical  modelling  appears  to  be  an 
interesting  tool  to  predict  plasma  behaviour. 

Crowe  et  al  [1]  have  developed  the  PSI-Cell 
technique  to  take  into  account  the  presence  of  particles 
in  a  flow.  This  technique  was  applied  by  Proulx  et  al  [2- 
3]  to  plasma  jets  and  RF  plasma  torches.  On  the  other 
hand,  we  have  developed  a  model  of  a  DC  plasma  torch 
[4-5]  including  both  the  nozzle  and  the  plasma  jet. 

The  objective  of  this  work  is  to  study  the 
interaction  between  an  argon  plasma  at  atmospheric 
pressure  and  metallic  powders  in  a  DC  plasma  torch.  We 
show  the  effect  of  the  iron  and  tungsten  particles  loading 
on  the  total  absorbed  power  and  on  the  thermal 
treatment  of  the  particles. 

2.  Mathematical  model 

2.1.  The  plasma-particles  interaction 

The  PSI-Cell  model  allows  a  coupling  of  the 
particulate  phase  described  by  the  Lagrangian  approach 
with  the  Eulerian  system  of  equations  describing  the 
plasma  flow.  This  technique,  first  calculates  the 
undisturbed  flow  and  temperature  fields,  then  uses  them 
to  calculate  the  particle  trajectories.  In  the  particle 
trajectory  calculation,  the  momentum,  heat  and  mass 
transfer  between  the  particulate  phase  and  the  plasma  are 
integrated  over  the  control  volumes  used  to  calculate  the 
flow  field.  The  exchange  terms  are  included  in  the 
plasma  flow  calculation  and  the  particle  trajectories  are 
calculated  with  the  updated  plasma  flow  conditions.  The 
injection  of  the  particles  in  the  plasma  is  done  in  a  single 
point  source,  at  the  exit  of  the  torch  (figure  1~)  and  with  a 
Gaussian  size  distribution  contained  between  -2  and  +2 
pm  around  the  mean  diameter.  The  particle 
concentration  in  a  control  volume  (of  location  ij)  is 
calculated  simply  as : 


where  N|j  is  the  number  of  particles  size  1  injected  per 
unit  time  (1  is  the  coordinate  for  the  particle  size 
distribution),  ijj  is  the  time  of  flight  of  the  particles  in 
the  control  volume  of  volume  V- .  This  concentration  is 

then  used  to  calculate  the  source/sink  terms,  used  in  the 
flow  and  temperature  fields  : 


(j)  stands  for  the  appropriate  intensive  fluid  and  Amp  is 
the  variation  of  the  particle  mass  in  cell.  The  particles 
trajectories  and  thermal  histories  are  described  by  Proulx 
era/ [2-3]. 

2.2.  Assumptions  and  governing  equations  of  the 
plasma 

The  model  of  the  DC  plasma  torch,  described  in 
-previom  jsvorks  .[4r5]  is.  bas^  .tm  thfe  local 
thermodynamic  equiiiDrium  hypothesis.  The  governing 
equations  are  written  in  an  axisymmetric  system  of 
coordinates,  for  a  laminar  flow  in  a  steady  state,  the 
radiation  effects  are  considered  through  the  net  emission 
coefficient  at  atmospheric  pressure.  The  inlet  and  the 
carrier  gases  are  argon  at  atmospheric  pressure. 

For  the  plasma,  solutions  are  sought  for  a  set  of 
elliptical  partial  differential  transport  equations,  solved 
using  Patankar's  algorithms  [6].  All  the  equations  can  be 
written  in  the  same  form  : 

v.(pU(i))  =  v.(r4V(t.))+s^+Sp^  (3) 

where  (])  again  is  general  variable,  r,j,  the  corresponding 
diffusion  coefficient  and  S4,  the  source  term.  S^j,  is  the 

particles  perturbation  on  the  property  <j)  calculated 
through  the  PSI-Cell  technique.  U  is  the  velocity  and  p 
is  the  mass  density.  The  calculation  region  and  the 
corresponding  boundary  conditions  are  sketched  in 
figure  1.  V  and  jx  are  respectively  the  electric  potential 
and  the  axial  current  density  component  At  the  cathode 
tip,  the  current  density  profile  is  given  by  Hsu  et  al  [7]. 
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The  inlet  velocity  profile  u(r)  is  parabolic  and  the 
computational  domain  is  a  grid  of  87x38  (x,r)  points. 


inletgas 


Figure  1.  Computation  domain  and  boundary  conditions 


3.  Results  and  discussion 

The  calculation  was  made  with  the  following 
operating  conditions  :  the  inlet  mass  flow  rate  Do=0.5 
g/s,  the  carrier  gas  flow  rate  D=0.01g/s  and  the  particle 
diameter  dp=25  pm.  We  have  summarized  in  Table  1  the 
power  absorbed  by  the  particles  for  two  values  of  the 
current  intensity  1=1 00 A  and  1=1 80 A,  which  correspond 
to  a  net  power  of  the  torch  of,  respectively,  1 . 1  kW  and 
2.1  kW. 


Iron 

Tungsten 

1=100  A 

99.9 

38.0 

1=180  A 

163.6 

57.1 

Table  1.  Power  absorbed  (W) 


The  results  show  that  the  absorbed  power  is 
greater  using  iron  than  tungsten  particles.  The  specific 
heats  and  the  latent  heats  are  higher  for  iron  than  for 
tungsten  which  contributes  to  a  more  important  energy 
absorption  by  this  material.  We  can  also  see,  on  figure  2, 
that  the  mean  particle  temperature  is  not  very  modified 
by  the  current  intensity  increase,  contrary  to  the  axial 
velocity  (figure  3).  These  phenomena  linked  to  the 
velocity  and  the  temperature  fields  of  the  plasma  are 
important  in  spray  coating.  The  rise  of  the  current 


intensity  leads  to  a  diminution  of  the  particle  flight  time 
which  is  not  compensated  by  a  rise  of  the  temperature. 
However,  the  increase  of  the  velocity  can  improve  the 
flattening  and  the  adherence  on  the  subtract  [8]. 


Figure  2  .  Mean  temperature  the  particles  versus  axial 
position 


Figure  3  .  Mean  axial  velocity  of  the  particles  versus 
axial  position 
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1.  Introduction. 

Since  the  works  of  Morrow  [1]  an  application  of  flux- 
corrected  transport  (FCT)  adgorithrns  for  solution  of 
continuity  equations  has  led  to  the  essential  progress  in 
streamer  and  corona  discharge  simulation.  But  further 
investigations  shown  that  using  of  FCT  generates 
numerical  errors  concerned  with  "stepping"  of 
exponential  profiles  on  the  fronts  of  ionization  waves. 
To  overcome  them  the  two-step  van  Leer  type 
algorithm  of  the  solution  of  continuity  equations 
suitable  to  Reamer  simulation  is  proposed  here. 
Solution  of  test  problems  and  comparative  analysis  of 
wide  class  of  finite-difference  schemes  including  FCT 
is  performed. 


"°+l  =^+1/2  +0-5'S'/+1/2&C/+1/2- 

In  streamer  discharge  problems  the  coefficients  of  (1) 
are  functions  of  electric  field  strength  E,  which  depends 
on  total  discharge  density  by  Poisson  equation  [4]. 

Therefore  to  obtain  values  ^  execution  of 

—1/2 

the  half  step  is  needed.  The  formulae  for 
similar  to  (2): 

=-o.5(y;.°i  -y;.°)-8//8x,+i/2. 


2.  Description  of  the  method. 

Numerical  solution  of  the  continuity  equation: 

dnldt  +  d(vn)ldx-d(D-dnldx)  =  I  (1) 

in  case  ZM)  is  based  on  the  van  Leer’s  idea  of  finite- 
volume  approximation  by  piecewise-linear  functions: 

«(x)=^°j^2+5',+,/2(x-x,+i/2)  [2].  Here  is  an 

average  value  on  the  grid  cell  A, +1/2  =  (x,  ,x,+i),  which 
is  second  order  -  identical  to  jy+7/2  -  the  slope 

value.  To  maintain  monotonicity  of  the  scheme  all  the 
slopes  are  defined  by  flux-limiter  function  FL  [3]; 

=  (^+1/2  -^-1/2>^(^<+1/2-^M/2). 

^,+7/2=0-5(x,.+  i+X^. 


fO  _  ,,0;:0  /c  l/2  vion  cyO  c# 

f.  =v,«  ,(8n^+i/2)  -0-5Vi/2^^-  ' 

The  calculation  of  coefficients  of  (1)  on  a  half  step  is  to 
be  performed  using  values. 

A  simple  modification  of  fluxes  is  needed  for 
including  a  difliision  term: 

/•1/2  _  l/2*l/2  xiT^  ST® 

f.  -  “  0.5Z?^  (",+1/2  "  "/-1/2  ■*'"1+1/2  "/-V2 

8xy  =0.5(8x,4.]/2 +5x,_i/2).  So,  the  finite  difference 

scheme  becomes  implicit  and  values  can  be 

obtained  by  the  standard  method.  The  expression  for 

^  corrected  as  well. 


The  algorithm  can  be  written  in  the  conservative  form: 

^+1/2  ~  ^%2  (5w,+1/2  +  (5«/+1/2  )*”” .  (2) 

where  (8n/+v2 ~  '  ^'+1^2  ’ 

(^”1+1/2)'°”“  ^/+i/2^^  •  Upper  index  "1"  conesponds  to 
the  solution  on  the  next  time  step  t+8t  and  "1/2"  -  to  the 

half  time  step,  -  the  fluxes  through 

interface  boundaries  x  =  x,,  -interface  values, 
defined  in  upwind  maimer.  For  v° , ,,  >  0 


When  choosing  an  appropriate  flux-limiter  fimction  FL 
one  can  construct  various  high  resolution  schemes. 

3.  Test  problems. 

It  is  very  essential  to  choose  adequate  test  problems  for 
analysis  of  algorithms.  The  analysis  given  in  [1]  was 
quite  poor  because  such  profiles  as  "step"  and  "triangle" 
are  not  similar  to  ionization  wave  forms. 

For  the  analysis  of  convective  term  approximation, 
ignoring  difliision,  the  equation  (1)  is  considered  in 
dimensionless  form,  so  that  v~l,  «~1  and  characteristic 
length  size  is  of  order  of  1.  A  lot  of  finite  difference 
schemes  (more  than  10)  defined  by  a  choice  of  flux- 
limiter  FL  in  comparison  with  FCT  (Phoenical  LPE 
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SHASTA)  were  tested.  Many  of  flux-limiters  being 
used  can  be  fo^nd  in  [3], 

In  the  first  class  of  problems  (v=l,  1=0)  the  solution 
n(x,t)=nQ(x-t)  describes  a  movement  of  a  given  profile 
of  number  density  «o(0-  For  the  testing  of  the  methods 
the  exponential  profiles  "cosh":  nQ(^)=cosh'2[4(^-XQ)] 
and  "gaussiah":  traditional 

ones:  "triangle"  and  "step"  [1]  are  considered.  The 
results  of  calculation  have  shown  that  FCT  method, 
giving  good  results  for  the  profiles  "step*  and 
"triangle",  leads  to  "stepping"  on  a  left-hand  side  of 
exponential  profiles.  It  is  most  critical  for  positive 
streamer  simulation.  The  schemes  with  the  flux-limiters 
of  van  Leer  [2,5]  have  given  the  best  results  between 
considered.  The  typical  result  for  "cosh"  profile  (mesh 
size  8x=0.025,  time  step  5/==0.005,  total  time  7’=10)  is 
presented  in  Fig.  1. 

In  the  second  class  of  problems  (v=VQ+ax,  1=0  or  1-^n) 
the  movement  in  a  non-uniform  velocity  field  with 
external  somces  was  considered.  Both  van  Leer's  and 
FCT  methods  have  given  good  results  in  this  case. 

The  third  class  of  problems  with  analytic  solutions  of 
the  type:  \y(^Uf^-n(^=const,  %=x-U(jt,  describes  a  wave 
which  phase  velocity  Uq  exceeds  drift  value  v.  The 
results  of  calculations  for  «(4)=0.5+0.5/cosh^(4^), 
v(0=3-2cosh2(4|)/[l+cosh2(4|)],  «o=3,  T=5,  shown  in 
Fig.2,  testify  to  a  large  phase  error  of  ^e  method  FCT, 
followed  by  macroscopic  oscillations.  The  absolute 
error  of  the  FCT  excels  even  an  error  of  the  Lax- 
Wendrofi*  method  and  coincides  by  an  order  to  an  error 
of  the  Courant-Isaacson-Rees  scheme.  At  the  same  time 
the  van  Leer  methods  [2,5]  have  given  excellent  results 
as  in  this  case  as  at  greater  magnitude  of  a  phase 
velocity,  so  the  inequality  «q-6//5x>1  takes  place. 

4.  Conclusions. 

The  two-step  algorithm  of  the  solution  of  the  continuity 
equation  based  on  van  Leer  type  finite-volume  schemes, 
suitable  for  positive  streamer  simulation,  is  proposed 
here.  Being  economic  on  time  of  calculation,  given 
method  allows  to  overcome  numerical  enors  of  FCT 
method  such,  as  "stepping"  of  exponential  profiles  of 
ionization  waves. 

The  simulation  of  positive  streamers  in  air  [5] 
demonstrates  great  effectiveness  of  the  algorithm. 

The  work  has  been  carried  out  according  to  the  project 
"Fundamental  theory  of  electrical  discharges  in  energe¬ 
tics"  of  Russi^  Joint  Stock  Company  "EES  ROSSII". 
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Fig.l.  Results  of  calculation  for  "cosh"  profile: 
—  exact  solution,  —FCT. 


Fig.2,  A-B.  Absolute  error  of  wave  calculation  by 
various  methods. 


—  [2],  — [4],  -•  Lax-Wendroff,  —FCT, 

—  Courant-Isaacson-Rees 
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1.  Streamer  dynamics  model. 

Positive  streamer  dynamics  in  air  at  atmospheric 
pressure  and  temperature  =  300  K  in  a  non-uniform 
external  electric  field  which  average  value  is  much  less 
than  threshold  value  £,  is  investigated  here. 

The  (fynamics  of  streamer  is  described  by  the  system  of 
continuity  equations  and  Poisson  equation; 

aug  /  5/ +  V  •  ( VeWe  )  -  V  •  (  Dg  V/jg  )  =  +  7^;, 

dn+  /5i+V-(v+n+)  =  ^+  +Jph 

dn_  ldt  +  V‘(v_n_)  =  q_  (1) 

ai* 

-V-(V<p)=p/eo 

Here  «+,«.,  n^,  rif^*  -  positive,  negative  ions,  electrons 
and  metastable  molecules  number  densities 
respectively,  v  -  drift  velocities,  Dg  -  difiiision 
coefficient,  p  =  electric  charge  density, 

9  -  electric  potential.  The  source  terms  q  include  the 
ionization  by  electron  impact,  attachment, 
recombination  and  excitation  of  metastable  states  of 
molecules,  q^  +  q^.  Quantities  q,  v,  D  depend  on 

the  electric  field  strength  jEl,  £  =  -  V9 .  The  term 
describes  photoionization  of  gas  molecules. 

Dependencies,  of  the  coefficients  in  (1)  and  source  terms 
q  on  the  reduced  electric  field  magnitude  have  been 
obtained  by  the  solution  of  Boltzmann  equation.  As  for 
the  rates  of  reactions  between  heavy  particles  the 
approximations  [2]  used  to  apply.  Photoionization  by 
raffiation  of  excited  nitrogen  molecules  is  accepted 
according  to  [3]. 

In  the  quasi-two-dimensional  approach  the  fixed  radius 
of  streamer  J?g  is  supposed  to  be  in  a  range  Rc=0.03+ 
0.10  cm.  Space  ctwge  is  assumed  to  be  uniformly 
distributed  in  radial  direction,  and  electric  field  on  axis 
is  defined  by  disk  method  accoimting  image  charges  on 
electrodes  [1]. 

Calculation  of  Iph  on  the  axis  of  discharge  have  been 
performed  accounting  of  supposed  cylindrical 
configuration.  For  the  optimization  the  exponential 
approximation  of  kernels  of  integrals  and  factorization 
method  have  been  used.  Numerical  solution  of  the 


continuity  equations  was  performed  by  the  algorithm 
[4].  Increment  of  electric  charge  density  p=e(n+  -  n.  - 
«g)  was  obtained  in  every  time  step  according  to  the 
formula: 

5p  =  et(8n.^)‘=^''  -  (8/r_  -(5ng)‘=°"''], 

where  is  the  increment  of  particles  number 

density  due  to  convection  and  dif^ion  [4].  This 
critically  improves  the  accuracy  of  calculations  because 
of  p«en^,  en.  ,  (8nj“’"''«(8/i/°"  ,  and  the  separate 
solution  of  the  equation  for  p(x,f)  proposed  in  [2]  is  not 
required. 

2.  Initial  electrons. 

In  case  of  plane  anode  a  quasi-neutral  layer  of  electrons 
and  positive  ions  with  exponential  profile  near  the 
anode  is  supposed  for  the  streamer  initiation.  In  case  of 
spherical  anode  the  electron  detachment  from  ozone 
negative  ions  for  seed  electron  generation  [5]  is 
assumed.  Stationary  number  density  of  ions  0^~  of 
order  of  10^  cm’^  is  supposed.  The  electron  detachment 
rate  is  obtained  by  the  formulae  [5]: 

v  =  kVgiexpi-elW),  W  =  , 

where  e  -  bond  electron  energy  in  negative  ion,  W  - 
random  ion  energy,  p.  -  ions  mobility,  Vg^  -  elastic 
collision  frequency,  M  -  mass  of  ion,  k^.  1-M).01. 

3.  Streamer  dynamics  in  small  external  fleld. 

For  the  analysis  of  streamer  properties  imder 
propagation  in  external  electric  field  with  a  strength 
much  smaller  then  £,  the  parallel  plane  electrodes 
configuration  is  considered.  For  0<x<2  cm  streamer 
formation  in  uniform  external  field  kV/cm  takes 
place.  After  that  the  streamer  propagates  in  the  electric 
field  E^<Ef. 

During  the  avalanche-streamer  transition  stage 
polarization  of  charge  leads  to  formation  of  the 
ionization  front  where  electric  field,  electric  current  and 
Joule  electric  power  are  strictly  localized  (Fig.l). 
Electron  number  density  and  electric  field  strength 
reach  the  values  of  order  of  cm’^  ,  £’~100 

+200  kV/cm  conespondingly,  so  that  the  electric  field 
of  space  charge  is  much  greater  than  external  electric 
field  (Fig.2).  While  streamer  moving  in  the  field  Ey 
charge  depolarization  time  is  much  greater  than  the 
time  of  propagation  on  the  distance  equal  to  the  width 
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of  the  front.  This  causes  tite  streamer  can  propagate 
even  in  an  absence  of  external  electric  field.  TTie  values 
of  charged  particles  number  densities  and  electric  field 
strength  depend  on  /?<,,  but  there  is  almost  no 
dependency  of  streamer  velocity  on  in  the  supposed 
range  (Fig.2). 

For  the  analysis  of  streamer  formation  and  propagation 
in  a  stron^y  non-uniform  external  electric  field  a 
sphere-plane  gap  (sphere  radius  -  0.5  cm,  gap  length  - 
5  cm)  is  consider^.  Simulations  have  been  performed 
for  the  voltage  range  17=30^50  kV. 

After  entering  the  region  of  almost  zero-value  external 
field  streamer  is  essentially  decelerated  (Fig.3).  But  for 
the  stopping  of  streamer  a  definite  time  is  needed  and 
at  sufficiently  great  potential  value  of  C/~50kV  streamer 
can  reach  cathode.  During  the  movement  on  the  initial 
distance  ~2  cm  streamer  has  got  almost  constant 
velocity.  This  is  found  to  be  in  agreement  with  the 
experimental  results  for  streamer  propagation  in  short 
air  gaps  [6]. 

4.  Conclusions. 

Numerical  modeling  of  streamers  have  been  performed 
here  enables  to  study  the  main  mech^sms  of 
discharge  formation  and  propagation  and  to  obtain 
reliable  characteristics  of  electric  discharges. 

The  account  of  electron  detachment  from  ions  as  a 
possible  mechanism  of  seed  electron  generation  lets  to 
avoid  the  influence  of  initial  electron  concentration 
arbitrary  choice  on  streamer  formation.  The  method  [4] 
allows  to  perform  stable  calculation  of  the'  solutions  of 
continuity  equations  for  the  exponential  profiles  of 
ionization  waves  fronts.  The  method  of  the  calculation 
of  the  photoionization  term  is  appeared  to  be  optimal 
for  calc^ation  time  and  amount  of  computer  memory. 

The  results  of  the  numeric  simulation  are  in  a  good 
qualitative  agreement  with  the  results  of  the 
experiments.  Right  after  the  period  of  streamer 
formation  electric  field,  electric  current  and  Joule 
electric  power  are  strictly  localized  in  a  short  region  of 
the  wave  front  which  causes  a  streamer  propagation. 
While  propagating  in  a  relative  small  electric  field 
either  stopping  of  the  streamer  or  formation  of  stable 
propagation  regime  takes  place.  The  streamer  velocities 
as  qualitative  dependencies  of  streamer  parameters  are 
in  a  week  dependency  on  the  supposed  values  of 

streamer  radius 

The  work  has  been  carried  out  according  to  the  project 
"Fundamental  theory  of  electrical  discharges  in  energe¬ 
tics"  of  Russian  Joint  Stock  Company  "EES  Rossii". 
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Fig.  1 .  Spatial  dependencies  of  streamer  parameters, 
E,=8  kV/cm,  R^=0.03  cm. 


Fig.  2.  Streamer  propagation  in  a  small  field. 

E]=  8  kV/cm,  R^=  0.03  cm.  Dash  line :  R^=  0.1  cm. 


Fig.3.  Streamer  propagation  in  sphere-plane  gap. 
U=40  kV,  R,=0.05  cm 
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Introduction. 

Sputter  deposited  Tii-x  Wx  thin  films  are  widely 
used  in  microelectronic  device  fabrication  as  diffusion 
barrier  between  A1  contact  layers  and  Si  (or  silicide) 
underlayers.  The  efficiency  of  W  based  diffusion  barriers 
has  been  shown  to  be  a  strong  function  of  alloy 
composition  through  changes  in  film  properties. 
Differences  in  sputtering  emission,  scattering  behavior 
and  redistribution  process  on  substrate  of  the  constituent 
atoms  are  the  major  factors  which  alter  the  composition 
of  the  sputter  deposited  film  from  an  alloy  target  in 
argon  sputtering  gas  [1]. 

In  this  paper  we  present  a  combined  experimental 
and  modelling  study  of  the  Ti  and  W  atoms  densities 
ratio  in  the  plasma  and  in  the  film  deposited  onto  a 
substrate  in  a  R.F  magnetron  discharge. 

Transport  model. 

The  transport  model  is  based  on  the  PIC-MC 
method  [2].  The  simulation  particle  represents  about 
107  -  109  real  neutral  atoms.  An  artificial  grid  in  a 
cylindrical  coordinate  is  introduced.  To  obtain  atoms 
density  the  simulation  particles  is  weighted  onto  the 
grids  points.  The  motion  of  particles  is  followed  as  they 
travel  through  the  scattering  gas.  The  Monte  Carlo 
method  is  used  to  model  collisions  between  sputtered 
atoms  and  gas  atoms. 

Particles  are  assumed  to  be  emitted  from  the  target 
at  random  positions  in  the  erosion  profile  ('race  track') 
of  the  sputtered  target  with  the  Thompson  energy 
distribution  [3].  This  energy  is  characterised  by  the 
sputtering  voltage,  the  binding  energy  of  the  Ti  and  W 
atoms  in  the  bulk.  The  emission  direction  is  defined  by 
two  independent  angles  (p  and  0.  The  azimuthal  one  (cp) 
is  calculated  using  an  isotropic  distribution  and  (he 
direction  of  ejected  atoms  trajectory  from  a  normal  to 
the  cathode  is  determined  from  the  angular  distribution 

m. 

Due  to  the  relatively  weak  densities  of  sputtered 
atoms  in  the  discharge  we  consider  only  elastic 
collisions  between  these  particles  and  the  sputtering  gas 
atoms.  The  distance  X  between  two  collisions  is 
assumed  to  follow  a  Poisson  distribution  and  can  be 
calculated  using  the  relation  %  =  -A-m-lnfu)  where 
is  the  sputtered  atom  mean  free  path  and  u  is  an  uniform 
random  number  between  0  and  1 .  The  elastic  interaction 
is  characterized  by  the  relative  velocity  of  the  incident 
particle,  the  impact  parameter  and  the  Born-Mayer  inter¬ 
action  potentiel  [4].  After  a  collision  the  energy  and  the 


scattering  angle  of  the  sputtered  atom  are  calculed  from 
the  classical  mechanical  laws. 

The  relative  theoretical  thickness  of  the  deposited 
WTi  layer  is  determined  by  counting  impinging 
superparticles  along  the  coordinate  z  normal  to  the 
target.  Sticking  coefficient  of  the  particle  is  taken  equal 
to  unity. 

Optical  model. 

By  analyzing  the  optical  emission  spectrum  of  the 
discharge  plasma,  tungsten  to  titanium  densities  ratio 
can  be  determined  by  the  method  described  as  follows 
[5].  Assuming  a  direct  process  for  electronic  excitation, 
an  uniform  plasma  emission  and  no  reabsorption  effect, 
the  signal  intensity  detected  at  the  frequency  Vjj,  is 
given  by: 

lij  =  [X*i].Rij.hvij.Aij.dQ.  (1). 

Rij  is  the  spectral  reponse  of  the  apparatus,  Ay  is  the 
transition  probability  of  the  transition  i->j,  dfi  is  the 
solid  angle  that  is  assumed  to  remain  constant.  If  we 
consider  that  the  formation  of  excited  state  X*i  is  direct 
through  electron  impact  and  the  decay  is  purely  radiative, 
the  density  [X*i]  can  be  write  : 

[X*i]=[Xi].ne.Tk-Keexc.  (2) 
where  Xi  is  the  density  of  atoms  in  the  fondamental 
state,  Tk  the  radiation  lifetime,  ne  the  electron  density, 
and  K^exc  the  electronic  excitation  rate.  KBgxc  is  given 
by  the  integration  of  the  theoretical  cross  section 
a®exc(E)  and  the  energy  distribution  f(E),  which  is 
assumed  to  be  Maxwellian,  from  a  treshold  Eg  up  to 
infinity.  Considering  the  Ti  (i— >j)  and  W  (1— >k) 
transitions,  the  set  of  equations  (1)  and  (2)  allows  us  to 
calculate  the  tungsten  to  titanium  densities  ratio 
[W]/[Ti]  for  different  pressures  of  the  argon  gas 
discharge. 

To  perform  spectroscopy  measurements,  we  used  an 
HR320  Jobin-Yvon  monochromator  having  a  focal 
lenght  of  0.32  m.  The  detector  was  situated  outside  a 
quartz  window  in  such  a  way  that  we  detect  the 
maximum  of  light  emission.  The  Ti  (365.3  nm),  Ti 
(399.8  nm),  W  (407.34  nm)  and  W  (400.8  nm)  lines 
were  selected  due  to  their  strong  intensities. 

Results  and  discussion. 

The  R.F  magnetron  sputtering  is  performed  from  an 
alloy  target  of  composition  W7oTi30  (atomic  per  cent) 
in  argon  gas.  The  magnetron  is  a  circular,  planar  device. 
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with  5  cm  cathode  diameter  placed  5  cm  away  from  the 
substrate  [6].  Discharge  R.F  power  is  150W  and 
pressure  is  in  the  range  0.67  to  2  Pa. 

In  our  computer  simulation  code  of  the  sputtered 
atoms  transport  in  gas,  the  angular  distribution  of 
sputtered  particles  f(0)  obey  to  a  subcosinus  law,  so  the 
0  angle  is  generated  from  [7]: 


a  is  a  parameter  which  depends  on  the  target  material 
and  is  adjusted  to  obtain  a  good  fit  between  simulation 
and  experimental  results.  Figure  1  shows  the  variation 
of  the  atomic  densities  ratio  (W/Ti)  versus  distance  from 
the  target  as  obtained  by  experiment  with  an  argon 
pressure  of  2.0  Pa  and  by  simulation  with  ttfi  =  2.8 
and  aw  =1.2.  The  composition  of  the  deposited  film 
on  a  Si  substrate  at  different  positions  on  the  lateral 
walls  from  the  target  is  measured  by  Energy  Dispersive 
X-ray  Spectroscopy  (EDXS). 

Figure  2  shows  the  variation  of  Ti  and  W  densities 
in  the  discharge,  resulting  from  simulation  versus  the 
distance  from  the  cathode,  for  two  pressures,  0.67  and 
2.0  Pa.  As  the  argon  pressure  increases  a  broad 
maximum  in  the  density  profiles  is  observed  which  is 
more  pronounced  for  case  of  Ti.  This  result  is  explained 
by  the  thermalization  of  the  sputtered  atoms  as  a 
function  of  pressure.  Collisions  with  argon  neutrals 
affect  primarily  the  lighter  sputtered  atoms  so,  for  low 
pressure  values  Ti  concentration  increases  faster  than  W 
and  closer  to  the  cathode  with  increasing  argon  pressure. 
Their  mean  energy  is  reduced  by  collisions  with  argon 
neutrals,  which  is  confirmed  by  the  model.  As  a 
consequence  sputtered  species  accumulate  into  the 
discharge.  Variations  of  the  W/Ti  ratio  in  the  discharge 
as  a  function  of  pressure  is  also  observed  by  emission 
spectroscopy.  Figure  3  shows  the  changes  of  the 
tungsten  to  titanium  densities  ratio,  when  the  pressure 
varies,  obtained  from  the  optical  model  described  above. 
At  low  pressure,  0.67  Pa,  this  ratio  is  close  to  the  target 
composition  (2.3)  and  diminishes  when  the  pressure 
increases  up  to  2.0  Pa.  A  similar  result  is  obtained 
using  the  transport  model,  but  in  this  case  the  ratio 
decreases  faster  and  is  equal  to  0.6  at  2.0  Pa.  In  figure  4 
we  present  the  radial  thickness  of  a  film  deposited  on  an 
anode  substrate  placed  at  5  cm  from  the  cathode.  A  good 
agreement  between  the  experimental  thickness 
measurements  and  the  corresponding  transport  model 
result  is  observed. 


Figure  1:  Variation  of  the  tungsten  to  titanium  densities 
ratio  versus  the  distance  from  the  cathode  for  an  argon 
pressure  of  2.0  Pa. 


d  (cm) 


Figure  2:  Variation  of  the  sputtered  atoms  densities 
versus  the  distance  from  the  cathode  for  argon  pressures 
0.67  Pa  and  2.0  Pa. 


pressure  (Pa) 

Figure  3:  Variation  of  the  tungsten  to  titanium  densities 
ratio  against  the  pressure. 


d  (cm) 

Figure  4:  Relative  thickness  profile  from  tranport  model 
in  arbitrary  units  and  thickness  profile  from  SEM 
measurements. 


Conclusion. 
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1.  Introduction 

The  aim  of  the  work  is  to  obtain  a  quantitative 
description  of  the  physical  behaviour  of  an  inductively 
coupled  plasma  torch  during  the  ignition  transient,  in 
order  to  optimize  the  procedures  required  to  obtain  a 
stable  discharge.  The  study,  originally  devoted  to 
understand  the  physical  behaviour  of  an  already  existing 
system  (a  torch  working  at  atmospheric  pressure, 
connected  to  a  13.56  MHz,  5.4  kW  RF  generator  [1], 
realized  in  the  framework  of  a  new  technological  process 
for  the  production  of  optical  fibres),  has  been  extended  to 
other  types  of  torch,  including  ICPTs  for  waste  treatment 
applications  [2].  In  the  Authors’  opinion,  simulating  the 
procedures  that  induce  plasma  initiation  is  a  useful  tool  in 
many  applications:  for  example,  in  systems  in  which  a 
sharp  pointed  graphite  rod  is  positioned  inside  the  torch 
in  the  coil  region  and,  once  heated  by  induction  currents, 
slowly  pulled  out  and  then  completely  extracted  when  the 
discharge  is  established.  A  time-dependent  study,  instead 
of  a  static  analysis,  usually  performed  in  this  kind  of 
problems,  has  the  advantage  to  allow  one  to  select 
different  starting  conditions  that  will  finally  lead  to  stable 
plasma  discharges.  The  time-dependent  fluid-magnetic 
study  has  been  performed  within  the  frame  of  the 
SIMPLER  algorithm  [3]:  this  involves  the  simultaneous 
solution  of  the  continuity,  flow  and  energy  equations  for 
the  gas  together  with  equations  for  the  electric  and 
magnetic  fields,  under  the  assumptions  of  axially 
symmetric,  optically  thin  plasma  in  LTE,  with  laminar 
flow  for  both  the  plasma  and  the  confinement  gas.  The 
results  obtained  for  various  flow  rates  using  pure  Argon 
as  cooling  and  plasma  gases  and  different  power 
operating  conditions  give  a  description  of  the  velocity 
and  temperature  fields  during  the  initiation  and  in  the 
final  self-substained  plasma;  comparisons  can  be  done 
with  temperature  radial  profiles  obtained  with  AES 
temperature  diagnostics  for  an  already  existing  system 
[4];  this  could  finally  allow  one  to  select  a  rigourous  set 
of  starting  procedures  that  lead  to  the  desired  conditions 
of  plasma  discharge. 

2.  Numerical  simulation 

The  numerical  simulation  of  ignition  transients  leading 
to  a  stable  configuration  has  been  performed  under  the 
following  assumptions  [5]: 

.  two-dimensional  (r,z)  dependence  for  temperature, 
velocity  and  electromagnetic  fields; 

.  laminar  flow  for  carrier  and  confinement  gqs; 


•  local  thermodynamic  equilibrium  for  the  axially 
symmetric  and  optically  thin  plasma; 

•  negligible  effect  of  viscous  dissipation  and  pressure 

work  in  energy  equation; 

•  the  electric  current  density  is  simply  given  by  aE , 

neglecting  the  effect  of  the  magnetic  field. 

The  continuity  equation, 

|^  +  div(pH)  =  0  (1) 

the  radial  and  axial  momentum  equations 

-^-1-  div(p«u,)  =  divj^pVu^  +  j  H-  G,  (2) 

3(pu )  dp  f  du  ^ 

+  div(pHtt^)  =  —^  +  divj^pVu^  +  j  +  G^  (3) 


(where  and  G^  represent  the  time-averaged  radial 
and  axial  force  densities  due  to  the  interaction  with  the 
electromagnetic  field)  and  the  enthalpy  equation 

-^  +  div(pM/i)  =  div  — VA  +Qj-Q^  (5) 

(where  Qj  and  2^,  are  the  ohmic  heating  and  radiation 
loss  terms,  respectively)  are  solved  by  using  a  fully 
implicit  time  discretization  method  together  with  the 
finite  volume  method  for  space  discretization.  In  order  to 
obtain  a  good  electromagnetic  description  of  the  system 
during  the  initiation  of  the  plasma,  a  2-D  treatment  has 
been  carried  out,  by  discretizing  the  equation  for  the 
amplitude  of  the  azimuthal  component  of  the  electric 
field 


r  dr  dr 


E.  a'E. 


-;®p,i(aEj,+7)  =  0 


(4) 


on  a  domain  far  bigger  than  the  torch  region  and  using 
boundary  conditions  that  regard  the  torch  as  a  magnetic 
dipole  [1].  The  electric  field  obtained  from  Eq.  (4)  is  then 
used  to  evaluate  the  magnetic  field.  The  presence  of  the 
graphite  is  simulated  by  imposing  a  very  high 
conductivity  is  the  region  occupied  by  the  rod. 
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3.  Selected  results 

In  Figs.  1  and  2  some  selected  results  are  presented, 
showing  temperature  distributions  in  an  Argon  plasma 
with  RF  excitation  at  13.56  MHz.  Firstly,  a  starting 
condition  is  considered:  the  RF  generator  is  switched  on 
(the  input  power  is  set  to  0.7  kW) ,  with  the  graphite  rod 
completely  inserted,  while  the  gas  initially  flows 
(8  liters/min)  at  a  temperature  of  20  °  C;  once  a  steady 
condition  is  reached,  the  code  simulates  a  step  extraction 
of  the  rod  while  the  input  power  is  also  raised,  till  the 
system  eventually  reaches  a  new  stable  state.  This 
procedure  is  repeated,  up  to  complete  extraction  of  the 
rod,  with  a  find  input  power  of  1.5  kW;  Fig.  1  refers  to 
the  temperature  distribution  at  the  beginning  of  the 
ignition  transient,  when  numerical  convergence  is 
reached  with  the  graphite  rod  completely  inserted  in  the 
coil  region;  Fig.  2  refers  to  the  temperature  in  the  final 
stable  configuration  when  the  rod  is  extracted. 
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Fig.  1  -  Temperature  distribution  (in  K)  inside  the  torch 
with  the  graphite  rod  completely  inserted. 
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Fig.  2  -  Temperature  distribution  inside  the  torch  when 
the  graphite  rod  is  extracted. 
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1.  Introduction 

Boeuf  and  Pitchford  [1]  have  developed  a  hybrid  fluid- 
particle  model  for  describing  the  intitiation  phase  of 
pseudospark  discharges.  In  this  model  the  the  time- 
dependent  fluid  equations  for  the  electrons  and  postive 
ions  are  solved  self-consistently  with  Poisson's  equation 
for  a  two-dimensional  axially  symmetric  geometry.  A 
three-dimensional  Monte-Carlo  simulation  was  used  to 
obtain  the  ionization  source  term  in  the  fluid  equations. 

The  eontinuity  equations  were  solved  by  the 
exponential  scheme  of  Scharfetter  and  Gummel.  This 
scheme  is  described  in  a  companion  paper  [2]  where  it 
is  shown  that  it  is  essentially  of  first  order  accuracy  in 
space  when  the  principal  transport  process  is  drift 
rather  than  difiusion.  In  [2]  the  extension  of  the 
exponential  algorithm  to  give  second  order  spatial 
accuracy  is  described  which  results  in  considerable 
reduction  in  the  degree  of  numerical  diflhision  so  that 
the  scheme  is  able  to  resolve  discontinuities  and  sharp 
gradients  without  introducing  spurious  oscillations  or 
ripples. 

The  present  paper  describes  typical  simulations  of  the 
intial  stages  of  pseudospark  development  where  the 
hybrid  scheme  of  Boeuf  and  Pitchford  has  been  updated 
to  employ  the  second-order  exponential  scheme  as  an 
alternative  to  the  original  algorithm.  The  geometry 
chosen  for  the  present  simulations  consisted  of  a  hollow 
cathode  and  plane  anode  as  in  Fig.  1. 


Fig.  1.  Typical  model  pseudospaik  diode  geometry. 
Internal  radius  1.54  cm,  cathode  hole  radius  0.33  cm, 
cathode-anode  distance  0.57  cm,  aperture  thickness 
0.2  cm,  depth  of  hollow  cathode  0.77  cm. 

2.  Results 

The  aim  of  the  present  simulations  was  to  investigate 
the  effect  of  the  second-order  algorithm  on  the 
simulation  of  the  initial  stages  of  pseudospark 
development.  The  gas  filUng  was  taken  to  be  nitrogen 
at  0.67  Torr  pressure  with  an  applied  voltage  of  2  kV. 
The  secondary  electron  mechanism  was  assiuned  to  be 


ionic  with  secondary  emission  coefficient  yi  =  0.07  and 
the  ionization  source  term  was  obtained  as  in  [1].  The 
electron  and  positive  ion  drift  velocities  were  assumed 
to  be  fimctions  of  the  local  value  of  the  parameter  E/p 
and  to  be  given  by  the  relations  [3] 

We  =  2-9x10*  E/p 
and 


2x10^  1-4x10 


-3  E  E 


P7  P 


—  <80V/cmTotr 
P 


Wd 


125x10"* 


1 


"e^ 

12  ,  ,„3l 

'e' 

Ipj 

1  -23x10'’ 

-1 

otherwise. 


Fig.  2  illustrates  the  evolution  of  the  potential 
distribution  using  (a)  the  original  exponential 
algorithm  and  (b)  using  the  second-order  exponential 
scheme.  Both  calculations  are  very  similar  with  the 
virtual  anode  moving  into  the  hollow  cathode  and  the 
development  of  a  sheath  over  the  whole  surface  of  the 
cathode  as  has  been  previously  reported  by,  for 
example,  Boeuf  and  Pitchford  [1].  The  time  scale  of 
the  development  of  the  virtual  anode  is  much  quicker 
for  the  second-order  calculation  with  comparable 
potential  distributions  being  reached  in  about  half  the 
time  of  the  original  exponential  scheme.  This  is  due  to 
the  the  effect  of  numerical  diffusion  in  the  first-order 
scheme  which  tends  to  smooth  the  charged  particle 
distributions  and  reduce  the  effect  of  space-charge. 

Fig.  3  shows  the  electron  multiplication  factor  as  a 
fimction  of  time  for  the  two  schemes  as  the  discharge 
plasma  enters  the  hollow  cathode.  We  see  that  the 
electron  multiplication  is  much  higher  in  the  second- 
order  scheme. 

In  a  range  of  low-voltage  simulations,  where  difhrsion 
is  considerable,  it  was  foimd  that  the  general  features  of 
the  discharge  development  were  very  similar  for  both 
algorithms  except  for  the  time-scale  of  the  growth 
which  was  considerably  faster  for  the  high  resolution 
scheme. 


Tests  of  the  second  order  algorithm  have  been  carried 
out  at  higher  applied  voltages  and  for  conditions  where 
the  photonic  secondary  process  is  present  in  addition  to 
the  ionic  secondary  process,  thus  leading  to  much  more 
rapid  discharge  growth.  In  all  cases  the  method  has 
worked  extremely  well  although  the  stability  criteria  for 
the  time  step  are  more  critical  for  the  second-order 
scheme  at  high  voltages,  where  drift  predominates,  and 
this  may  lead  to  excessively  small  steps  being  needed  in 
the  later  stages  of  the  development. 
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1 100  ns  280  ns  77  ns  66  ns  48  ns 


(a) 


330  ns  144  ns  46.5ns  36.6  ns  27.5  ns 


(b) 

Fig.  2.  Evolution  of  the  equi-potential  distribution  of  a  pseudospark  discharge  in  nitrogen  for  the  geometry  of  Fig.  1 
using  (a)  first-order  and  (b)  second  order  exponential  schemes  in  the  hybrid  method  of  Boeuf  and  Pitchford. 


Time  (xlO'*)  s 

Fig.  2.  Electron  multiplication  as  a  function  of  time 
calculated  using  the  hybrid  fluid-particle  model  based 
(a)  on  the  first-  and  (b)  on  the  second-  order 
exponential  schemes 


3.  Conclusions 

The  first-  and  second-  order  exponential  schemes  are 
powerful  tools  in  simulating  the  early  stages  of 
pseudospark  discharge  development.  The  second  order 
scheme  offers  improved  accuracy  and  reduced 
numerical  diffusion  but  may  require  smaller  time-steps 
in  order  to  satisfy  the  stability  criteria. 

4.  References 

[1]  J.  Boeuf  and  L.C.  Pitchford:  IEEE  Trans  Plasma 
Sci,No  19,2(1991)  286. 

[2]  A.  Al-Hussany  and  A.J.  Davies,  "A  Stable  High 
Resolution  Integration  Scheme  for  Dicharge 
Simulation",  Proc.  ICPIG  XXIII  (1997). 

[3]  A.J.  Davies:  lEE  Proc,  133  (1986)  217. 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


11-218 


A  Stable  High  Resolution  Integration  Scheme  for  Discharge  Simulation 

A.  Al-Hussany  and  A.  J.  Davies 

Department  of  Physies,  University  of  Wales  Swansea,  Singleton  Park,  Swansea  SA2  8PP,  U  K. 


1.  Numerical  Scheme 

In  the  simulation  of  electrical  discharge  development 
the  continuity  equations  expressing  charge  conservation 
for  each  particle  species  are  solved  subject  ter  the 
appropriate  boundary  conditions,  with  the  electric  field 
distribution  being  determined  by  Poisson's  equation. 

One  powerful  and  very  stable  method  for  solving  the 
continuity  and  momentum  transfer  equations  is  the 
exponential  scheme  originally  used  by  Scharfetter  and 
Gummel  [1]  in  describing  the  transport  of  electrons  and 
holes  in  semiconductors.  Boeuf  et  al  [2]  have  shown 
how  this  scheme  may  be  also  used  to  solve  the  linked 
system  of  continuity  plus  Poisson  equation.  In  outline, 
the  exponential  scheme  may  be  summarised  as  follows. 


In  one  dimension  the  current  density  of  electrons  is 
dne 


~  eD^ 


dx 


and,  if  E,  Je,  Pe,  and  De  are  taken  to  be  constant 
between  two  successive  mesh  spaces,  integration  with 
respect  to  x  within  a  cell  yields 


ne(x)  =  ne(0)exp 


PeEx 


De  J 


1-exp 


r  PeEx 
I  De 


The  current  density  may  thus  be  found  from  this 
integral  form  by  rearranging  the  expression  to  give 


Je=- 


epeE 


1-expl 


PeEx 

D, 


°e(0) 


PeEx 


De  J 


-n(x) 


Denoting  values  of  parameters  at  the  centre  of  a  cell  by 
the  subscript  i  and  at  the  right  and  left  hand  boundaries 
by  i-'A  and  i+'A  so  that  Axj  =  xj+i/j  -  x j_i/j ,  the  electric 
field  is  given  to  second  order  accuracy  by 
-'t'i 


H+'A  =■ 


Xi+l-Xi 


The  flux  at  the  i+'A  cell  interface,  obtained  from  Je,  is 


Ei+'/i 


where 


1 


Axj 


njDje 


Zi+'/j 


•ni+lDi+i 


Zi+>/, 


e^i+H  _i  ’ 


A  similar  expression  can  be  obtained  for  .  For 
small  changes  of  potential  between  two  successive  grid 
points  this  expression  approaches  the  standard 
difference  relation  for  the  d^sion  flux  while,  if  the 
change  in  potential  is  large,  it  approaches  the  drift  flux. 
The  main  deficiency  in  this  scheme  is  the  accuracy. 


which  is  only  of  first  order  in  space  when  drift 
dominates  and  can  lead  to  considerable  numerical 
diffusion.  This  may  be  seen  by  letting  Zi+>4-»oo  (i.e. 
negligible  diffusion  and  particles  moving  in  the  positive 
X  direction)  in  which  case  Fj+i/^  =  njpj+i/jEj+i/j which 
is  a  simple  first-order  upwind  scheme. 

The  spatial  resolution  may  be  increased,  however,  by 
representing  the  density  as  being  piecewise  linear 
within  a  cell  leading  to  the  expression 

Fi+./2  =-^hi  +'/2AxiSi)Die^+-'^ 

-(ni+i-t‘/.AxiSi)Di^l] 

(where  Si  is  the  slope  fimetion)  which  makes  the 
scheme  of  second  order  accuracy  since,  for  we 

now  have  Fj+i/j  =(ni -f-lAAxiSijpi+i/jEj+i/j.  Choice 
of  slope  function  has  been  discussed  by  Munz  [3] 

2.  Tests  of  the  Algorithm 

Practical  application  of  the  second  order  exponential 
scheme  has  shown  it  be  stable  and  of  second  order 
accuracy  provided  the  slope  function  is  suitable  chosen. 

A  comparison  between  the  first  and  second  order 
exponential  schemes  is  shown  in  Fig.  1  which  traces 
the  drift  of  a  rectangular  box  shape  of  electrons  in  a 
two-dimensional  z-r  geometry  having  axial  symmetry. 
The  high  degree  of  dissipation  due  to  numerical 
diffusion  is  clearly  seen  in  the  original  exponential 
scheme  and  care  must  be  taken  in  any  given  application 
to  ensure  that  the  effects  of  numerical  diffusion  do  not 
swamp  that  of  the  actual  physical  diffusion.  Numerical 
diffusion  is  greatly  reduced  in  the  second  order  scheme. 

A  typical  simulation  using  the  enhanced  exponential 
scheme  is  shown  in  Fig.  2.  Here  the  evolution  of 
electron  density  between  parallel  plate  electrodes  is 
traced  following  the  release  of  a  pulse  of  initiatory 
electrons  li^om  the  surface  of  the  cathode.  Values  of  the 
primary  ionization  coefficient  were  taken  from  [4]  and 

the  secondary  electron  emission  from  the  cathode  was 

-4 

assumed  to  be  photonic  with  a  value  of  3.5x10  .  The 
movement  of  the  primary  avalanche  and  cathode 
streamer  are  clearly  seen  with  no  signs  of  instability. 

3.  Conclusions 

The  original  exponential  scheme  of  Scharfetter  and 
Gummel  is  a  powerful  and  stable  method  but  can  have 
a  high  degree  of  numerical  diffusion.  Increasing  the 
spatial  resolution  to  second  order  results  in  greater 
accuracy  and  considerably  reduced  numerical  diffusion. 
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Fig.  2.  Evolution  of  electron  density  between  parallel  plane  electrodes  of  6  cm  radius  and  3  cm  separation  in  nitrogen 
at  a  pressure  of  12000  Pa.  The  applied  voltage  is  16.7  kV.  (a)  and  (b)  on  log  scales;  (c)  and  (d)  on  linear  scales. 
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1.  Introduction 

The  electric  breakdown  of  hydrogen  is  examined  by 
means  of  a  two  dimensional  hybrid  model  applied  to 
the  case  of  a  short  (1.8mm)  hydrogen  gap  at  SOOtorr. 
Previous  and  numerous  photographic  studies  of  the 
static  breakdown  have  identified  several  steps  in  the 
breakdown,  namely,  the  formation  of  a  glow-like 
discharge  followed  by  the  growth  of  a  thin  filamentary 
channel  which  bridges  the  electrodes  and  causes 
complete  voltage  collapse  [1-2],  Our  model  of  the 
complex  physical  processes  occurring  in  the  discharge 
couples  both  electrical  (resulting  from  space  charge 
effects)  and  neutral  density  heterogeneities  in  order  to 
explain  the  different  steps  observed  before  the  spark 
channel.  We  study  a  low  overvolted  (~1%  above 
sparking  voltage  V  =21  SOY)  discharge  and  describe 
major  features  of  the  different  steps  leading  to  the 
spark  channel,  with  particular  emphasis  laid  on  the 
luminous  appearance  of  the  discharge. 

2.  Hybrid  model 

Our  model  is  described  by  the  fluid  equations  of 
electrons  and  ions  coupled  to  the  Poisson  equation 
whereas  neutral  particle  equations  are  described  in  [3]. 
However,  source  terms  representing  momentum  and 
energy  transfers,  i.e.  the  action  of  the  discharge  on  the 
neutral  gas,  are  calculated  precisely  from  the  charged 
particles  simulation.  Thus,  the  Joule  heating  term, 
resulting  from  the  global  elastic  and  inelastic 
collisions  between  charged  and  neutral  particles  in  the 
energy  equation  is  equal  to  J.E,  where  E  is  the  total 
electric  field  encompassing  space  charge  effects.  To 
summarize,  our  hybrid  model  includes  two  strongly 
coupled  submodels  of  charged  and  neutral  particles.  In 
fact,  as  all  governing  terms  of  the  discharge  obey  to 
the  reduced  field  (E/N),  it  implies  that  the  hybrid 
modelling  no  longer  treats  the  neutral  gas  to  be 
passive  and  includes  counter-reactions  (i.e. 
heterogeneous  electric  field  resulting  from  space 
charge  effects  are  superimposed  to  neutral 
heterogeneities). 

As  photoelectron  emission  dominates  in  hydrogen,  the 
cathode  boundary  condition  in  electron  conservation 
encompasses  the  condition  of  balance  between  the 
electron  flux  near  the  surface  and  the  photoelectron 
flux  as  described  in  [4].  The  area  of  the  cathode, 
(~3cm^  in  our  case)  plays  a  leading  role  in  the 
evolution  of  the  discharge  as  it  determines  the  lifetime 
of  the  pseudoglow.  The  luminosity  due  to  radiative 
excited  states  C,  n„  and  BiZ^u  is  assumed  to  be 
proportional  to  L=Vn(ne.  The  photofrequency  like 
all  discharge  parameters  (ionisation  frequency. 


mobility,  etc.)  involved  in  the  calculations  have  been 
calculated  from  a  Boltzmann  multi-term  equation  [5]. 

3.  Results 

The  initial  conditions  correspond  to  a  number  of 
electrons  (~10^)  created  at  the  cathode.  Under  the 
action  of  the  applied  electric  field,  these  primary 
electrons  proceed  rapidly  to  the  anode  where  they  are 
absorbed.  However,  electrons  are  produced 
simultaneously  with  the  emission  of  the  corresponding 
photon  and  hence  electronic  and  ionic  growth  rapidly 
leads  to  a  pseudoglow  configuration  consisting  of  three 
distinct  parts  :a  cathode  region  (CR),  a  negative  glow 
(NG)  and  a  positive  column  (PC).  This  particular 
structure  of  the  discharge  is  clearly  expressed  by  its 
luminous  appearance  with  a  bright  luminous  region  in 
front  of  the  cathode  surface,  a  narrow  dark  space  and  a 
uniform  glow  extending  to  the  anode  (fig.l).  The  high 
space  charge  at  the  cathode  due  to  uncompensated 
ionic  charge,  generates  an  important  electric  field 
which  maintains  the  intense  luminous  region  during 
the  entire  pseudoglow  stage.  The  radial  structure  of 
luminosity  of  the  anodic  zone  (fig.2)  (-0.1  mm  from 
the  anode)  shows  a  tendency  towards  constriction, 
measured  by  a  decrease  in  the  distance  corresponding 
to  Lma)/2,  (for  instance  reduction  of  -10%  from  65ns 
to  70.1ns)  hence  initiating  the  filamentary  glow  at  the 
anode.  The  intensity  of  the  end  of  the  PC  (fig.3) 
matches  an  interesting  experimental  feature  [1-2] 
which  revealed  in  the  radial  structure,  a  central  peak 
in  intensity,  surrounded  by  a  less  intense  luminous 
ring.  The  double  nature  of  the  PC,  i.e.  expansion  and 
partial  constriction  is  reflected  by  the  multiple  maxima 
in  the  radial  direction  (fig.3)  (-1.6mm  from  the 
anode).  In  fact,  the  partial  constriction  is  due  the 
nature  of  radial  electric  field  which  reverses  a  few 
mms  from  the  axis.  Consequently,  the  sign  of  the 
radial  field  induces  an  inward  electronic  motion  near 
the  axis  and  an  outward  motion  off  the  axis  (a  few 
mms  away).  Furthermore,  the  inward  radial  electron 
drift  induced  by  the  space  charge  produces  detectable 
constriction  in  the  electronic  density  contour  lines 
(fig.4)  with  a  clearly  formed  ‘neck’  in  the  PC. 

The  high  electric  field  and  charged  particle  densities 
at  the  CR  provides  an  important  Joule  heating  (fig.5) 
which  shoots  the  neutral  gas  temperature  above 
2500  K  instants  following  70.1ns,  thereby  triggering 
dissociation  in  the  CR.  Thus,  the  Joule  heating  effect, 
corresponding  to  the  energy  dissipated  in  the  gap,  is 
much  more  important  in  that  region.  A  similar 
behaviour  has  been  detected  experimentally  in 
nitrogen  [6]. 
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4.  Conclusion 

The  present  hybrid  model  shows  that  the  radial 
evolution  of  the  electric  field  generates  a  partial 
constriction  of  the  positive  column  displayed  by 
multiple  radial  maxima  in  the  luminosity.  It  also  gives 
rise  to  a  clearly  detectable  constriction  of  the  electronic 
density  in  the  PC.  Furthermore,  the  energy  dissipated 
in  the  CR  is  of  prime  importance  compared  to  that  in 
the  PC. 
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1.  Introduction 

When  dust  particles  of  a  given  size  are  introduced 
in  a  discharge,  they  will  be  charged  until  they  reach 
the  floating  potential.  As  a  result  of  their  negative 
charge  they  are  conflned  by  the  space  charge  sheath 
electric  fields.  Forces  opposing  this  confinement  are, 
for  instance,  the  drag  exerted  by  the  flux  of  positive 
ions  and  gravity.  Selfconsistent  modelling  of  the  dust 
behaviour  is  hampered  by  the  fact  that  the  trans¬ 
port  of  dust  has  a  timescale  far  beyond  typical  RF 
periods,  while  the  presence  of  the  dust  influences  the 
behaviour  of  the  other  charged  species  on  the  RF 
timescale.  Especially  the  spatial  distribution  of  the 
electric  field  and  its  time  average  play  an  important 
role.  We  have  constructed  a  2-D  fluid  model,  which 
simulates  the  behaviour  of  a  given  amount  of  dust 
of  a  given  size  in  a  cylindrically  symmetric  RF  dis¬ 
charge. 

2.  The  fluid  model 

The  fluid  model  is  based  on  the  equations  of  continu¬ 
ity  for  the  density  and  the  drift-diffusion  approxima¬ 
tion  for  the  flux  of  each  charged  species  with  mobility 
Us  and  diffusion  coefficient  Dg  [1]: 

dN 

-^  +  V-r,  =  5„  Ts  =  fi,NsE-DsVNs.  (1) 

The  inertia  of  the  ions  is  corrected  for  by  replacing 
the  actual  electric  field  by  an  effective  field  [2],  for  an 
ion  with  a  momentum  scattering  frequency  Um  given 
by: 

(2) 

The  actual  electric  field  is  computed  from  Poisson’s 
equation: 

V^V{r)^-(j2^Ns),  E=-VV,  (3) 
Co  ^  e  / 

8 

where  the  sum  contains  all  charges  species  s. 

The  rates  for  processes  like  excitation,  ionization  and 
attachment  are  prescribed  as  a  function  of  the  aver¬ 
age  electron  energy.  These  prescriptions  are  either 
obtained  from  literature  or  computed  from  a  two- 
term  Boltzmann  solver  for  the  electron  energy  dis¬ 
tribution  function.  The  average  electron  energy  is 
obtained  from  the  electron  energy  balance  [1]. 

3.  Charge  on  a  dust  particle 

A  dust  particle  in  the  discharge  is  charged  up  to  the 
floating  potential.  This  potential  depends  on  the  lo¬ 
cal  ion  and  electron  density.  For  a  sphetical  particle. 


the  orbital  motion  limited  theory  [3] 
tive  ion  current 

and  an  electron  current 


predicts  a  posi- 


kT+^ 


(4a) 


le  =  i-n-rjeNe 


ePp 

kTe 


(46) 


Equating  these  expressions  gives  the  floating  poten¬ 
tial  Vp  and  the  charge,  qd  —  AireoTdVp.  In  the  calcula¬ 
tions  a  fixed  ratio  of  the  electron  and  ion  temperature 
of  160  has  been  used. 


4.  Forces  on  a  dust  particle 

Apart  from  trivial  forces  like  gravity  and  the  electric 
force,  the  motion  of  a  dust  particle  is  influenced  by 
the  neutral  drag, 

^  4 

En  =  -■^■^rlNnmnVth,nVd,  (5) 

which  is  exerted  by  a  flux  of  neutrals  with  density  W„, 
mass  m„  and  a  thermal  velocity  vth,n  on  a  particle 
with  a  velocity  Vd  relative  to  the  gas  [4],  and  by  the 
ion  drag, 


(6) 


which  is  exerted  by  the  Coulomb  interaction  between 
a  flux  Fj  =  NiVi  of  ions  with  temperature  Tj.  bmax  is 
a  screening  distance  related  to  the  Debye  length  [4]. 
Because  the  gas  temperature  is  assumed  not  to  vary 
in  space,  the  thermophoretic  force  is  neglected.  The 
gravitational  force  can  usually  be  neglected  as  well;  it 
becomes  important  only  when  the  size  of  the  particles 
is  large  enough. 

Since  the  dust  has  a  large  mass,  it  will  only  be  able  to 
react  to  the  average  RF  electric  field;  also  variations 
in  the  ion  drag  and  in  the  charge  will  average  out. 


5.  Drift-difiFusion  equation  for  dust 

In  equilibrium,  the  neutral  drag,  the  electric  force 
and  the  ion  drag  balance.  Introduction  of  a  momen¬ 
tum  loss  frequency  Vmd,  a  mobility  pid  and  a  diffusion 
coefficient  Dd  for  the  dust, 

4  2  »T  nin 

^md  — 

3  rrid 
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Qd  _  ..fcTd 

)  ^d  ^  r\  > 
'^d^md  Qd 


{7b,  c) 


and  addition  of  a  diffusive  velocity  yields  the  aver¬ 
age  flux  of  the  dust,  which  can  be  treated  with  the 
same  numerical  procedures  as  the  fluxes  of  the  other 
charged  particles: 


-•  dTrUlfiV^Fj  j fdikTi  2 
NdVd  = - '—J  - -h  )  X 

mdVmA  V  VTrm,;  ’  / 


“^d^md 

eqd 


Uneorriivl^^ 


)'lnL/(l 


b'Ln’r  \ 

1  TTlCiX  1 


+ 


HdNdEav  ~  Dd^Nd- 


(8) 


6.  Recombination  on  a  dust  particle 

The  fluxes  of  ions  and  electrons  arriving  at  the  dust 
surface  will  recombine  to  form  neutral  gas.  The  re¬ 
combination  rate  is  readily  obtained  from  equation 
4b.  With  the  charge  inserted  instead  of  the  floating 
potential,  it  reads: 


R  =  inrlNdN, 


kTe 

2-Kme 


exp( 


egd 


AneokTeVd 


)  (9) 


7.  Results 


Fig.l.  The  geometry  used  in  the  2-D  model 
Simulations  were  done  in  a  geometry  as  scetched  in 
figure  1,  with  a  total  rector  height  and  radius  of  8 
and  12  cm,  respectively.  Both  electrode  heights  are 
2  cm  and  have  a  radius  of  6  (RF)  and  8  (grounded) 
cm.  The  grounded  ring  around  the  RF  electrode  has 
a  radius  of  6.5  cm,  with  a  gap  of  1  mm. 

Figure  2  shows  the  distribution  of  dust  with  a  radius 
of  20  nm  in  an  electronegative  discharge  operated  at 
13.56  MHz  and  a  pressure  of  250  mTorr.  The  power 
is  20W.  Only  the  zone  between  the  planes  of  the  elec¬ 
trodes  is  shown.  As  is  known  from  experiments,  large 
dust  accumulates  at  the  transition  between  the  bulk 
and  the  sheath.  The  maximum  density  is  1.4-10^^ 
m“®  and  the  charge  -lOOe.  When  the  dust  becomes 
smaller,  the  ion  drag  decreases,  and  the  dust  accu¬ 
mulates  more  in  the  centre  of  the  discharge.  This  is 
illustrated  for  an  electropositive  discharge  in  figure  3. 
The  dust  radius  is  now  2  nm,  the  maximum  2.2-10^® 
m~^  and  the  charge  -18e. 

Figures  4  and  5  show  the  electron  density  with  and 
without  small  dust  in  units  of  10^®  m“®.  Due  to  the 


recombination,  the  maximum  off-axis  vanishes  when 
dust  is  present. 
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Fig.2.  A  distribution  of  dust  with  a  radius  of  20  nm. 


Fig.3.  A  distribution  of  dust  with  a  radius  of  2  nm. 


Figure  4.  The  electron  density  with  small  dust. 
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1.  Introduction 

Hydrogenated  amorphous  silicon  (a-Si:H)  has  an 
extensive  field  of  applications.  Important  applications  are 
the  use  in  solar  cells  and  in  thin  film  transistors  for  LCD 
panels.  At  Utrecht  University  thin  films  of  a-Si:H  are 
deposited  using  plasma  enhanced  chemical  vapor 
deposition  (PECVD)  in  a  parallel  plate  reactor  operated 
at  very  high  frequencies  (VHF).  The  properties  of  the  a- 
Si:H  film  (band  gap,  hydrogen  content,  refractive  index, 
etc.)  can  be  controlled  by  adjusting  the  parameters  of  the 
process,  such  as  pressure,  RF-frequency,  RF-power,  and 
gas  mixture.  However,  a  major  problem  in  optimizing 
material  properties  is  the  complex  chemistry  of  the  silane 
plasma  and  the  plasma-wall  interaction  (deposition 
process).  Modeling  provides  knowledge  of  the  deposition 
process  and  a  way  to  find  the  optimum  parameter  space 
of  the  reactor. 

An  existing  1-D  fluid  model  has  been  compared  to 
experiment.  Some  discrepancies  arose,  because  the  width 
of  the  deposition  reactor  is  not  very  large  compared  to 
the  electrode  distance.  Therefore,  the  model  is  extended 
to  two  dimensions  (cylindrical  symmetric). 


2.  Description  of  the  fluid  model 

The  fluid-model  presented  is  a  self  consistent  fluid  model 
which  describes  the  electron  kinetics  and  the  chemistry  in 
the  discharge  as  well  as  the  deposition  process  at  the 
walls.  In  Figure  1  the  cylindrical  symmetric  geometry  of 
the  2-D  model  is  shown.  Fluid  models  describe  the 
discharge  by  a  combination  of  balances  for  the  particle, 
momentum  and  energy  densities  of  the  ions,  electrons, 
neutrals  and  radicals.  The  electric  field  is  solved  self- 
consistently  using  the  Poisson  equation.  An  effective 
electric  field  is  used  for  the  ions. 

Rates  for  electron  impact  collisions  as  well  as  the 
electron  transport  coefficients  depend  on  the  electron 
energy  distribution  function  (EEDF).  The  collision  rates, 
the  electron  transport  coefficients,  and  the  average 
electron  energy  are  obtained  by  solving  the  Boltzmann 
equation  for  the  EEDF.  This  EEDF  has  been  expanded  in 
two  terms  with  respect  to  the  velocity.  The  EEDF  is 
calculated  as  function  of  the  electric  field  for  a  given 
composition  of  the  neutral  background  density.  A  look-up 
table  has  been  constructed  to  obtain  the  collision  rates 


and  electron  transport  coefficients  as  function  of  the 


Figure  1  :  Geometry  used  in  2-D  model. 

average  electron  energy.  These  tables  are  used  in  the 
fluid  model,  where  the  average  electron  energy  is 
computed. 

In  order  to  model  an  SiH4/H2  discharge  in  a  realistic  way, 
a  number  of  different  species  and  reactions  must  be 
included.  However,  a  minimum  number  of  different 
particles  and  reactions  is  desired  to  keep  the 
computational  effort  low.  A  sensitivity  study  with  a  1-D 
model  has  been  used  to  find  a  minimum  set  of  different 
particles  and  reactions. 

The  actual  deposition  process  is  modeled  by  introducing 
sticking  coefficients.  Gas  inlet  and  pumping  and  the  gas 
transport  are  calculated  consistently.  They  are  assumed  to 
be  diffusive. 


3.  Experimental  setup 

The  experiments  have  been  performed  in  the  ASTER  [1] 
(Amorphous  Semiconductor  Thin  film  Experimental 
Reactor)  at  the  Utrecht  University.  The  deposition  reactor 
has  an  inner  volume  of  10  liters,  an  inner  diameter  of  20 
cm.  The  upper  electrode  is  grounded.  The  powered 
electrode  is  placed  2.7  cm  below  the  upper  one.  The 
electrodes  have  a  radius  of  8.0  cm.  A  dark  space  shield 
positioned  a  few  millimeters  below  the  powered  electrode 
is  used  to  shield  the  rest  of  the  reactor  from  this 
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electrode.  For  the  power  coupling  a  7t-type  matching 
network  is  used  at  13.56  MHz,  while  an  L-type  network 
is  used  at  frequencies  between  30  and  65  MHz.  The 
partial  pressures  of  the  neutrals  are  measured  with  a  mass 
spectrometer  during  plasma  deposition.  The  growth  rate 
of  the  deposited  layer  is  measured  ex-situ.  Ion  energy 
distributions  are  measured  at  the  position  where  normally 
the  substrate  for  deposition  is  placed. 


4.  Results  of  a  1-D  model 
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The  results  of  an  existing  1-D  model  [2]  of  a  SiH4/H2 
discharge  have  been  compared  with  experiment.  The 
partial  pressures  of  SiH4,  H2,  and  Si2H6  and  the  growth 
rate  have  been  compared,  because  these  are  accessible 
both  by  model  and  experiment.  The  plasma 
characteristics  have  been  measured/calculated  as  function 
of  RF-frequency,  RF-power  and  total  pressure  in  the 
reactor.  After  comparing  the  results  of  the  1-D  model 
with  the  experimental  data  in  a  wide  range  of  operating 
parameters,  it  is  concluded  the  model  can  predict 
tendencies  in  the  so-called  a-regime  i.e.  the  dust  free 
regime.  An  example  is  given  in  Figure  3,  where  the 


Total  pressure  (Pa) 

Figure  3  :  Growth  rate  vs.  total  pressure. 

behavior  of  the  growth  rate  is  shown  as  function  of  the 
total  pressure  in  the  reactor.  At  lower  pressures  the 
tendencies  between  model  and  experiment  agree.  Above 
a  critical  pressure  (-30  Pa)  the  growth  rate  increases 
strongly  (the  so  called  a-y'  transition  [3]). 

In  the  a-regime,  calculation  of  correct  absolute  values  of 
the  plasma  parameters  is  not  possible  with  this  1-D 
model.  This  can  be  observed  in  Figure  3  and  in  Figure  2 
where  the  partial  pressure  of  SiH4  and  H2  are  shown  as 
function  of  the  RF-frequency. 

A  possible  cause  of  the  discrepancy  between  experiment 
and  model  in  the  a-regime,  is  that  the  model  is  one 
dimensional,  i.e.  the  intrinsic  assumption  of  this  model 
that  the  discharge  is  assumed  to  be  symmetric.  In  the  1-D 
model,  the  DC  bias  voltage  is  assumed  to  be  equal  to 
zero.  In  practice  this  is  not  the  case.  With  a  2-D  model, 
an  asymmetric  discharge  can  be  simulated. 

A  further  advantage  of  the  2-D  model  is  that  the 
modeling  of  gas  inlet  and  pumping  in  the  reactor 


Figure  2  :  Partial  pressure  of  SiH4  and  H2  vs.  RF- 
frequency 

pumping  can  be  modeled  more  appropriate.  Finally,  with 
a  2-D  model,  the  bias  voltage  and  uniformity  of  the 
deposition  can  be  calculated  and  thus  a  more  extensive 
comparison  between  experiment  and  model  is  possible. 
An  advantage  of  the  1-D  model  of  course  is  the  reduced 
computational  effort  compared  to  the  2-D  model. 

A  major  problem  in  plasma  modeling  is  the  inaccuracy  or 
even  lack  of  elementary  data  (cross-sections  for 
ionization,  dissociation,  etc.  and  the  coefficients  for 
chemical  reactions  and  transport).  The  sensitivity  of  the 
results  with  respect  to  the  elementary  data  can  be 
determined  by  calculating  the  change  in  the 
characteristics  of  the  plasma  as  a  results  of  a  change  in 
the  elementary  data.  An  overview  will  be  given  of  the 
important  processes  and  particle  in  the  SiH4/H2 
discharge. 


5.  Results  of  the  2-D  model 

Results  of  the  2-D  model  will  be  shown  and  compared 
both  with  the  1-D  model  and  the  experiments.  The  2-D 
model  allows  for  the  calculation  of  other  experimental 
accessible  discharge  parameters  such  as  the  DC  self  bias 
voltage  and  sheath  characteristics,  which  are  deduced 
from  the  ion  energy  distributions. 
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1.  Introduction 

Electron  cyclotron  resonance  (ECR)  plasma  sources  are 
widely  used  in  experimental  investigations  of  dry  etching 
and  plasma  assisted  chemical  vapour  deposition.  In  order 
to  optimize  the  coupling  of  the  mircrowave  into  the 
plasma  and  investigate  the  influence  of  the  magnetic  field 
on  the  discharge  we  developed  a  numerical  model  which 
is  able  to  compute  self-consistently  the  electron  density 
and  temperature  of  an  ECR  discharge  in  two  dimensions. 
The  model  gas  is  argon.  We  discuss  results  of  the 
calculations  for  different  neutral  pressures  and  different 
magnetic  field  configurations. 

2.  Experimental  Setup 

The  discharge  vessel  as  shown  in  fig.  1  is  nearly  ready 
for  the  first  experimental  runs.  It  consists  of  three  parts 
made  from  stainless  steel.  The  outer  parts  with  a  length 
of  685  mm  and  several  observation  ports  have  a  circular 
cross  section  (d=180  mm)  to  enable  the  microwave  to 
propagate  to  the  center  nearly  undisturbed.  The  inner 
segment  has  a  squared  cross  section  (180x180  mm^)  and 
a  length  of  220  mm.  On  the  inner  part  there  are  mounted 
four  main  ports  to  apply  simultaneously  several 
diagnostic  techniques  (e.g.  Thomson  scattering). 
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Fig.l:  Experimental  setup 


Fig.  2:  Magnetic  field  inside  the  discharge  .vessel 


The  microwave  enters  the  vessel  Irom  the  left  hand  side 
through  a  quartz  window  as  a  right-hand  circular 
polarized  TEn-Mode  with  a  power  of  up  to  6000  W 
parallel  to  the  magnetic  field.  The  magnetic  field  is 
produced  by  58  coils  with  an  inner  radius  of  200  mm. 
The  coils  are  piled  up  to  8  packages  of  14  and  5  coils 
each  as  shown  in  fig.  1.  The  outer  two  packages  are 
driven  with  a  higher  current  (80  A)  than  the  inner  ones 
(62  A),  so  that  the  resulting  field  is  a  magnetic  mirror 
with  a  mirror  ratio  of  M=1 .5,  cf  fig.  2. 


3.  Modelling 

The  modelling  of  ECR  discharges  requires  the  self- 
consistent  solution  of  Maxwell's  equations  and  plasma 
transport  equations.  From  the  first  ones  the  following 
wave  equation  for  the  electric  field  E  can  be  obtained; 


E 
d  t' 


—  V  X  V  X 
Er 


o  9  E 
8o6,  9  t 


(1) 


In  eqn.  (1)  the  material  properties  of  the  plasma  are 
included  by  the  relative  dielectricity  Ef  and  the 
conductivity  a  which  are  computed  fi-om  the  dispersion 
relation  for  right  circular  polarized  waves  propagating 
parallel  to  the  magnetic  field  using  the  cold  plasma 
approximation  [1].  The  dependence  of  E  on  the 
azimuthal  coordinate  is  eliminated  by  using  periodic 
boundary  conditions  thus  setting  E(r,0,z;t)=e'®E(r,z;t). 

The  plasma  model  treats  the  electrons  as  a  fluid  assuming 
a  Maxwellian  electron  energy  distribution  function,  cf 
[2].  After  Braginskii  [3]  the  particle  balance  using  the 
diffusion  approximation  is  given  by 

-V  .D  Vn,  =  (2) 

where  Rjon  ist  the  temperature  dependent  ionisation  rate. 
D  is  the  diffusion  tensor  for  electrons  in  the  applied 
magnetic  field.  It  is  assumed  that  the  electrons  diffuse 
ambipolar  in  the  direction  parallel  to  B.  To  describe  the 
cross  field  transport  we  assumed  Bohm  diffusion.  The 
second  equation  is  a  simplified  energy  balance  for  the 
electrons 


-Vk  VT,  +|-kT,R,„„  =laE'.E-Q,„„  (3) 

The  source  term  1/2(jE  *  ■  E  on  the  right  hand  side  of 
eqn.  (2)  describes  the  heating  of  the  plasma  by 
microwave  absorption.  The  term  Qcoii  takes  into  account 
the  energy  losses  of  electrons  by  collisions,  u  denotes  the 
heat  conductivity  tensor  of  electrons  after  [2].  The 
quantities  nc  and  Te  are  assumed  to  be  independent  of  0. 
The  boundary  conditions  for  eqns.  (2)  and  (3)  prescribe 
the  particle  and  energy  fluxes  to  the  walls: 
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=  -(D-VnJ-e„  =  -n„v. 


q=,„.n  =  -{K  •VTJ-e„  =  r,,„.„kT.,,(2  +  — ) 

ties,  Te,s  and  Ve,s  are  electron  density,  temperature  and 
thermal  speed  at  the  plasma-sheath  boundary.  AO  is  the 
potential  difference  between  plasma  and  wall,  a  denotes 
the  angle  between  the  local  magnetic  field  and  the  wall. 
On  the  axis  the  gradients  of  Oe  and  Te  in  the  radial 
direction  are  set  to  zero. 

The  ion  density  is  given  by  quasineutrality,  ni=ne,  the  ion 


temperature  is  set  to  Tj=5000  K.  The  neutral  temperature 
is  calculated  from  a  global  energy  balance. 


Eqns.  (1)  to  (3)  are  solved  in  r-z-geometry  on  the  area  O, 
cf  fig.  1 ,  using  a  Galerkin  finite  element  method. 


4.  Results 

Figs.  3  to  5  show  the  radial  component  of  the  electric 
field,  the  electron  density  and  temperature  for  a  neutral 
pressure  of  0.5  Pa  and  a  microwave  power  of  200  W. 


Fig.  3:  Radial  component  of  the  electric  field 


Fig.  5;  Electron  temperature 


The  microwave  is  focussed  towards  the  axis  and  stronlgy 
absorbed  at  magnetic  fields  between  100  mT  and  90  mT 
which  is  higher  than  the  resonant  field  strength  of  87.5 
mT.  This  localized  absorption  leads  to  a  sharp  peak  in 
the  electron  temperature  with  a  maximum  value  of  6.5 
eV.  The  electron  density  shows  at  the  same  position  a 
maximum  of  0.7- 10‘*  m'^  which  is  higher  than  the 
critical  density.  The  decrease  of  the  electron  density 
towards  the  quartz  windows  is  caused  by  wall 
recombination. 

In  calculations  with  increasing  neutral  pressures  (0.2  Pa, 
0.5  Pa,  1.0  Pa)  the  electron  density  shows  a  sublinear 
increase  while  the  electron  temperature  remains  nearly 
constant.  The  position  of  maximum  power  absorption 
shifts  to  higher  magnetic  field  strengths  due  to  higher 
source  density  and  increased  collison  frequencies. 
Furthermore,  the  increased  electron  density  leads  to  a 
stronger  focussing  of  the  microwave. 

To  investigate  the  influence  of  the  magnetic  field  on  the 
discharge  the  mirror  ratio  was  changed  fi-om  1.5  to  1.7 
and  1.9  thus  increasing  the  gradient  of  B.  While  the 
electron  density  and  temperature  remain  nearly 
unchanged  the  position  of  maximum  absorption  shifts  to 
a  position  more  distant  from  the  quartz  window.  Finally, 
the  width  of  the  absorption  maximum  is  small  when  the 
gradient  of  the  magnetic  field  is  large  as  predicted  by  [4]. 

5.  Conclusion 

We  have  presented  a  model  which  computes  electron 
density  and  temperature  of  an  ECR  discharge  self- 
consistently.  Calculations  have  shown  that  the  plasma 
together  with  the  magnetic  field  behaves  as  a  lens  as 
expected  from  ray  tracing  calculations  [5].  Due  to 
collisions  the  absorption  at  high  pressures  takes  place  at 
magnetic  field  strengths  well  above  resonance.  Coupling 
of  the  microwave  to  the  plasma  from  the  high  magnetic 
field  side  can  lead  to  overcritical  densities.  The  magnetic 
field  stronlgy  effects  the  plasma,  especially  its  position 
and  the  width  of  the  absorption  maximum  zone  are 
influenced. 
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This  work  presents  results  from  a  self-consistent  ID 
hybrid  model  of  the  discharge  initiated  in  an  ac  plasma 
display  panel  cell.  The  ionization  rate  in  the  hybrid 
model  is  calculated  using  a  Monte  Carlo  simulation 
The  aim  is  to  check  the  validity  of  simpler  (fully  fluid) 
plasma  display  models  based  on  the  local  field 
approximation  [1].  Results  are  presented  in  a  10% 
xenon,  90  %  neon  mixture,  for  a  gap  length  of  100  pm 
and  gas  pressure  of  560  Torr  at  ambient  temperature. 

1.  Introduction 

Plasma  display  panels  [2,  3]  consist  of  two  glass  plates, 
each  with  parallel  electrodes  deposited  on  their  surface. 
In  the  matrix  configuration  the  two  sets  of  electrodes 
are  orthogonal.  The  electrodes  are  covered  with  a 
dielectric  film  above  which  a  protective  MgO  layer  is 
deposited.  Each  picture  element,  at  the  intersection 
between  a  line  and  column  electrode,  can  be  illuminated 
independently  when  a  voltage  pulse  is  applied  between 
the  two  electrodes.  The  capacity  of  the  dielectric  layer 
above  each  electrode  is  taken  to  be  460  pF/cm^  in  the 
simulation  The  model  is  used  in  this  paper  to  simulate  a 
discharge  pulse  for  an  applied  voltage  of  310  V  across 
the  electrodes,  with  no  memory  charges  on  the 
dielectric  surface  at  t=0.  The  resulting  discharge  pulse 
is  identical  to  a  "ON"  state  pulse  (with  memory 
charges),  for  a  value  of  the  sustaining  voltage  equals  to 
155  V  (in  the  "ON"  state,  the  voltage  due  to  the 
memory  charges  is  equal  to  the  sustaining  voltage). 
This  value  corresponds  to  the  middle  of  the  margin. 

2.  Hybrid  model  of  the  discharge 

The  fluid  model  is  based  on  a  two-moments  description 
of  electron  and  ion  transport,  coupled  with  Poisson's 
equation,  and  with  a  set  of  kinetic  equations 
characterizing  the  evolution  of  the  population  of  excited 
states  leading  to  UV  emission  in  neon-xenon  mixtures. 
The  main  difference  with  the  model  of  [1]  (referred  to 
as  the  "fluid,  local  model"  below)  is  that  the  ionization 
source  term  in  the  continuity  equation  is  deduced  from 
a  Monte  Carlo  simulation  of  the  electrons  emitted  by 
the  surface  (these  electrons  are  followed  until  their 
energy  becomes  too  small  to  ionize  the  gas  before  they 
reach  the  surface).  Since  this  procedure  is  more 
accurate  than  the  local  field  approximation,  this  model 
can  help  validating  the  approach  of  [1]. 


3.  Current  and  voltage  across  the  gap 

Figure  1  shows  the  time  evolution  of  the  gap  voltage 
and  the  current  density  in  the  cell,  deduced  from  the 
model.  The  discharge  is  initiated  in  the  gap  after  a  time 
delay  of  about  230  ns  and  the  current  density  reaches  a 
peak  value  of  6  A/cm^  in  about  10  ns.  The  decrease  of 
the  current  density  is  due  to  the  charging  of  the 
dielectric  surface  and  the  resulting  decrease  of  the 
voltage  across  the  gap. 


Fig.l.  {a)  Voltage  (Vg)  across  the  cell  and  (b) 
discharge  current  density  as  a  function  of  time  for  a 
discharge  in  (90-10)  neon-xenon  mixture,  gap  length 
100  pm,  gas  pressure  560  Torr  (300  K),  dielectric 
capacitance  460  pF/cm^,  initial  gap  voltage  298  V  (310 
V  across  the  electrodes). 

4.  Electric  field,  charged  particle  densities 
and  excitation  rates 

Figure  2  shows  the  spatial  distribution  of  the  electric 
field  and  charged  particle  densities  in  the  gap  at  t  =  240 
ns  (time  of  maximum  current  density).  The  dominant 
ion  is  Xe+  and  the  concentration  of  molecular  ions  is 
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negligible  under  these  conditions.  The  value  of  the  ion 
density  in  the  sheath  at  the  peak  current  is  on  the  order 
of  lO"'  cm  ’,  as  in  the  fluid,  local  model  of  [1]  while  the 
maximum  plasma  density  is  about  10““  cm  ’,  instead  of 
0.6  10“'  cm’’  in  [1]  (this  is  because  of  non  local 

ionization).  The  spatial  distribution  of  the  electric  field 
is  very  similar  to  the  one  deduced  form  the  local  model. 


Fig.  2.  Space  variations  of  the  density  of  electron  and 
ions  at  the  time  of  maximum  current  in  the  cell 
(t=  240ns). 

Figure  3  shows  the  spatial  distribution  of  the  production 
rates  of  Xe*(^Pi),  Xe*(^P2)  and  Xe**  at  time  t  =  240  ns 
(see  [1]  for  a  definition  of  Xe“).  The  shape  and  values 
of  these  rates  are  similar  to  those  deduced  from  the 
fluid,  local  model  (Fig.  14  of  [1]).  However,  as 
expected,  the  hybrid  model  predicts  more  excitation 
inside  the  negative  glow  plasma  than  the  local  model. 
The  excitation  profile  in  the  plasma  further  away  from 
the  sheath  region  is  different  from  the  one  predicted  by 
the  local  model,  but  the  hybrid  model  still  predicts  an 
increase  of  the  excitation  rate  in  the  column  plasma  at 
the  peak  current  (see  the  discussion  in  [1]). 


Fig.  3.  Spatial  variations  of  the  production  rates  of 
Xe*(^Pj),  Xe*(^P2)  and  Xe**  across  the  gap  at  time 
t-  240  ns  (same  conditions  as  in  Fig.  1). 

Note  that  the  time  of  maximum  current  corresponds  to 
the  time  of  largest  discrepancy  between  fluid  and 
hybrid  models  since  it  corresponds  to  the  minimum 
sheath  length  (and  therefore  strongest  non  equilibrium 


effects). 

5.  Comparisons  between  fluid  and  hybrid 
models  for  different  conditions 

Table  I  presents  a  systematic  comparison  between  fluid 
and  local  models  for  different  concentrations  of  xenon. 
The  values  of  the  applied  voltage,  maximum  current, 
pulse  duration  (at  half  the  peak  current),  time  of 
maximum  current,  and  UV  production  efficiency  are 
represented  in  this  table.  For  a  meaningful  comparison, 
the  applied  voltage  in  each  case  has  been  chosen  so  that 
the  discharge  pulse  is  equivalent  to  a  "ON"  state  pulse 
with  a  sustaining  voltage  in  the  mid-margin. 


Xe 

1% 

5% 

10% 

30% 

F 

H 

F 

H 

F 

H 

F 

H 

V,(V) 

112 

125 

131 

142 

142 

155 

175 

185 

J,„  (A/cm’) 

4.0 

2.75 

6.0 

7.35 

6.0 

12. 

9.0 

At  (ns) 

10. 

13.5 

8.0 

9.5 

5.6 

4.0 

6.2 

350 

385 

235 

270 

213 

241 

230 

287 

Q. 

3.0 

3.1 

7.1 

7.3 

10.1 

9.9 

16.4 

16. 

Table  I.  Comparisons  between  results  from  the  fluid  (F) 
and  hybrid  (H)  models  showing  the  sustaining  voltage 
Vj  (at  mid-margin),  maximum  current  J,„,  pulse  duration 
At  (at  half  the  peak  current),  time  of  maximum  current 
f,,  and  UV  production  efficiency 

The  agreement  between  fluid  and  hybrid  models  is 
good.  The  discrepancies  in  the  applied  voltage  (mid¬ 
margin)  and  delay  time  is  actually  due  to  the  fact  that 
the  ionization  coefficients  used  in  the  fluid  model  have 
been  obtained  from  a  Boltzmann  code  and  that  the 
Monte  Carlo  simulation  performed  under  a  constant 
field  (i.e.  during  the  prebreakdown  phase)  provides 
values  of  the  ionization  coefficients  slightly  different 
from  those  from  the  Boltzmann  solver.  The  discrepancy 
is  therefore  not  due  to  non  equilibrium  effects. 

5.  Conclusion 

/ 

Fluid  models  of  plasma  display  panel  cells  based  on  the 
local  equilibrium  assumption  are  accurate  enough  for 
usual  vvorking  conditions. 
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1.  Introduction 

In  our  laboratory  the  plasma  oxidation  of  aluminium 
has  been  studied  \ry  the  combination  of  experiments  and 
modelling.  The  complete  plasma  oxidation  process  [1] 
consists  of  several  parts:  volume  processes  in  the 
chemically  active  plasma  of  oxygen  or  OjlAx  mixture, 
transport  of  charged  particles  through  the  transient 
region  between  undisturbed  plasma  and  metal  sample 
immersed  into  plasma,  processes  on  the  surface  of  the 
sample  and  the  transport  of  ions  of  both  oxygen  and 
metal  through  the  growing  oxide  layer.  As  the  w'hole 
set  of  processes  is  too  complicated,  models  of  various 
parts  of  plasma  oxidation  have  been  studied  separately. 

2.  Volume  processes 

Physical  and  chemical  processes  in  the  bulk  of  oxygen 
plasma  have  been  studied  by  the  computer  experiment 
based  on  a  macroscopic  Idnetic  approach  [2].  The 
model  consists  of  107  reactions  between  12  neutral, 
charged  and  excited  species.  As  a  result  of  analysis  the 
stea(ty-state  concentrations  of  stable  products  were 
derived  for  various  experimental  parameters.  For  our 
conditions  (dc  glow  discharge,  E/N  =  60  Td)  following 
concentrations  of  charged  species  were  found:  1.7  ■  10  ® 
of  02^  1.4  •  10  ®  of  electrons,  2.4  •  lO  "  of  O',  1.1  •  lO^®  of 
02',  etc.  (all  concentrations  are  given  in  relation  to 
neutral  O2).  Similar  calculations  for  02/Ar  plasma  now 
are  performed.  These  particles  cross  the  region  of 
disturbed  plasma  in  the  vicinity  of  substrate  changing 
both  their  velocities  and  concentrations.  Since  it  is 
supposed  [1]  that  especially  the  O'  ions  are  the  most 
important  species  for  the  creation  of  alumina  (either 
coming  directly  from  the  discharge  or  created  by 
electron  bombardment  on  the  substrate),  the  transport 
of  electrons  and  ions  must  be  studied  in  detail. 

3.  Transport  of  charged  particles 

The  model  of  charge  transport  through  both  the  sheath 
and  presheath  is  based  on  the  combination  of  molecular 
(fynamics  and  Monte  Carlo  method  [3].  The  simplified 
version  of  model  was  presented  in  [4].  In  the  computer 
experiment  the  transport  of  all  kinds  of  charged  species 
originated  from  ojtygen  molecules  in  Ar  or  02/Ar 
plasma  is  studied  under  the  following  assumptions: 

•  Maxwell  distribution  of  charged  particles  exists  in 
undisturbed  plasma  (temperatures  T,  and 

•  the  distributions  of  charged  particles  are  influenced 
by  both  the  geometrical  factor  and  elo^trical  forces: 
Ity  local  electric  field  created  by  these  particles  and 
by  positive  or  negative  bias  of  metal  substrate 


•  only  elastic  interactions  are  taken  into  account. 

For  the  derivation  of  velocity  and  angular  distributions 
of  particles  near  the  planar  electrode  the  simplified 
Id2v  model  is  fully  sufficient  (one  space  co-ordinate  x 
and  two  velocity  co-ordinates  v  and  x  being 
perpendicular  to  the  substrate  plane). 

Some  results  of  simulation  are  shown  in  Figs.  1  and  2. 
The  imdisturbed  plasma  is  placed  on  the  left  side  and 
the  metal  substrate  on  the  right  side  (at  position  x  =  0). 


Fig.  1 :  Distribution  of  electric  potential  U(x)  and  space 
charge  p(x)  (p  is  given  relatively  to  the  stead}- 
state  concentration  of  electrons).  Bias  +5  V, 
total  number  of  charged  particles  200  000. 


Fig.  2:  Distribution  of  electric  potential  U(x)  and  space 
charge  p(x).  Negative  bias  -2  V,  total  number  of 
charged  particles  2  000  000. 
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4.  Distributions  of  charged  particles 

The  transport  of  charged  particles  through  the  sheath 
in  non-collisional  or  slightly  collisional  plasma  can  be 
calculated  analytically  [4].  In  the  plasma  oxidation 
process,  however,  the  situation  is  different  -  the 
scattering  of  all  kinds  of  charged  particles  (especially 
ions)  must  be  taken  into  account  and  the  processes  in 
presheath  cannot  be  neglected,  too. 

As  for  the  further  study  of  processes  on  the  smface  of 
metal  samples  the  total  velocity  and  its  normal 
component  are  applied,  the  velocity  distributions  N(v), 
N(Vx)  and  the  angular  distribution  N(©)  being 
calculated  by  hybrid  particle  simulation.  Examples  of 
these  distributions  are  shown  in  Figs.  3-5.  The  exact 
forms  of  distributions  depend  not  only  on  the  bias  of 
metal  sample  against  the  undisturbed  plasma  but  also 
on  the  intensity  of  scattering  events  in  the  vicinity  of 
samples,  i.e.  on  the  composition  of  plasma.  The  data 
presented  in  Figs.  3-5  were  derived  for  electrons  with 
temperature  23200  K  passing  through  the  Ar  plasma  of 
dc  glow  discharge  at  133  Pa  (ion  temperatures  300  K). 

It  was  found  that  the  distributions  both  of  electrons  and 
ions  showed  changes  as  compared  to  the  original 
Maxwell  distribution  (denoted  by  thin  lines  in  figures) 
already  in  rather  large  distances  from  the  substrate. 

5.  Conclusion 

In  [4]  it  was  shown  that  the  large  metal  substrates  used 
for  plasmachemical  technologies  influence  the  charged 
particles  in  plasma  by  their  presence  far  above  the 
sheatli  region  owing  to  so-called  geometrical  factor. 
This  screening  effect  is  partially  compensated  by  the 
space  charge  of  particles,  the  resulting  change  of 
energj'  distributions  being,  however,  dramatic  enough 
to  be  taken  into  account  in  all  further  studies. 
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Fig.  3:  Distributions  of  electrons  for  positive  bias  +5  V. 
Total  munber  of  particles  1  000  000.  Distance 
from  the  substrate  d  =  0.005  m. 


Fig.  4:  See  Fig.  3,  but  the  distance  being  d  =  0.003  m. 


Fig.  5:  See  Fig.  3,  but  the  distance  being  t/=  0.001  m. 
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1.  Introduction 

The  physical  processes  occxnring  during  plasma 
oxidation  of  metals  has  been  studied  by  means  of 
computer  modelling  combined  with  direct 
measurement.  As  a  first  step  for  a  realistic  computer 
experiment  it  is  necessary  to  build  a  model  of  both 
undisturbed  inert  gas  plasma  and  resulting  02/Ar 
mixture.  The  complete  list  of  various  reactions  and 
scattering  processes  in  Ar  glow  discharge  is  too  large 
for  effective  implementation.  The  aim  of  our  present 
study  is; 

•  to  create  a  simplified  qualitative  model  of  Ar 
plasma  as  a  soince  of  particles  for  the  modelling  of 
plasma-solid  interactions  [1] 

•  to  introduce  and  test  new  effective  algorithms  for 
hybrid  particle  simulation  in  plasma. 

2.  Model 

The  electron  component  of  Ar  plasma  was  simulated 
under  the  following  assiunptions: 

•  the  total  number  of  electrons  is  constant  -  processes 
leading  to  the  increase  and  decrease  of  their  number 
compensate  each  other 

•  the  external  electric  field  is  constant 

•  the  angular  distribution  of  scattered  electrons  is 
isotropic. 

These  assumptions  are  approximately  fulfilled  in  the 
positive  column  of  dc  glow  discharge. 

From  possible  interactions  of  electrons  with  other 
particles  in  plasma,  a  minimal  set  sufficient  for  plasma 
simulation  was  chosen.  The  qualitatively  correct  model 
must  provide  the  Maxwell  distribution  of  electrons 
(another  assumption).  It  was  found  (see  [2])  that  at 
least  the  following  four  types  of  scattering  events  for 
electrons  must  be  present: 

•  elastic  collisions  with  neutral  atoms  in  plasma 

•  excitations  of  neutral  gas  atoms 

•  ionisation  of  neutral  gas  atoms 

•  interactions  with  charged  species  in  plasma  (with 
electrons  and  positive  ions  or  with  electrons  only). 

This  set  of  interactions  compensate  the  influence  of  the 
electric  field  and  contribute  to  Maxwellisation  of  the 
electron  energy  distribution  function.  Ejqjerimentally 
derived  cross-sections  of  all  four  interactions  in  Ar  can 
be  found  in  the  literature  [2]. 

The  model  was  based  on  the  particle  simulation 
technique.  The  group  of  electrons  was  treated  in  the  3D 
rectan^ar  working  area  with  cyclic  boundary 
conditions.  For  time  integration  of  electron  trajectories 


two  methods  were  used:  the  well-known  second-order 
Verlet  algorithm  and  the  adaptive  fourth-order 
predictor-corrector  scheme. 

The  collisions  of  electrons  with  neutral  particles  were 
simulated  by  the  Monte  Carlo  method,  the  'null 
collision'  method  being  applied.  For  the  simulation  of 
electron-electron  and  electron-positive  ion  collisions 
two  different  types  of  techniques  were  tried. 

3.  Molecular  dynamics  algorithms 

Interactions  of  electrons  were  calculated  by  three 
different  algorithms,  one  classical  and  two  modem: 

•  Particle-Particle  Method  [3]  (direct  summation  of 
Coulomb  forces),  which  is  of  order  0(N^),  N  being 
the  number  of  interacting  charged  particles. 

•  Fast  Multipole  Method  [4],  which  is  based  on  an 
oct-tree  hierarchical  spatial  decomposition  of  the 
cubic  simulation  region  into  hierarchical  grids  of 
cells  and  replacement  of  most  particle-to-particle 
with  cell-to-cell  interactions.  Miiltiple  ejqjansions 
are  used  to  represent  the  effeets  of  all  particles  in  a 
cell.  Forces  among  close  partieles  are  calculated  by 
the  Particle-Particle  method.  This  method  has  a 
good  feature  when  it  is  implemented  in  a  molecular 
(fynamics  program,  because  multiple  interactions  do 
not  have  to  be  recalculated  in  every  time  step  due  to 
small  moves  of  particles  in  every  step.  It  was  found, 
that  one  update  of  multipole  ejqpansions  per 
approximately  10  time  steps  is  suflBcient  (this  value 
strongly  depends  on  velocities  of  particles),  which 
enables  to  speed  up  the  computation  by  factor  4 
approximately.  This  method  is  of  order  0(N). 

•  Smooth  Particle  Mesh  Ewald  Method  [5],  where  the 
energy  of  the  system  is  split  into  direct  and 
reciprocal  energy  like  in  standard  Ewald  method, 
but  allows  significant  speed  up  in  computation  by 
approximation  of  the  reciproc^  energy  by  cardind 
B-splines.  The  order  of  this  method  is  0(N-  logN). 

All  molecular  (^namics  algorithms  in  oiu  tests  had 
periodical  boundary  conditions  in  all  three  dimensions. 

4.  Monte  Carlo  algorithms 

As  a  second  technique  the  interactions  of  electrons  with 
other  charged  particles  were  calculated  by,  two 
stochastic  approaches: 

•  MCI;  In  the  simple  one  electron  approximation  [6] 
the  electron-electron  collision  is  treated  completely 
statistically.  It  is  supposed  that  the  energy 
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dependence  of  e-e  cross-section  is  K/E^,  E  being  the 
electron  energy,  and  K  a  constant  of  order  of  lO  ’® 
m^eV^.  In  this  approach  E  is  the  energy  of  studied 
electron  before  the  interaction  and  this  energy  is 
shared  randomly  with  arbitrary  electron  from  our 
model.  This  is  the  quickest  algorithm,  but  K  is  an 
external  parameter,  which  must  be  fitted  from  the 
experimental  data  (energy  distribution  function, ...). 

•  MC2:  The  more  sophisticated  method  simulate  the 
e-e  or  e-Ar^  interactions  according  to  the  relations 
for  the  Rutherford  scattering,  but  the  distances  of 
particles  are  treated  statistically.  In  comparison  with 
the  first  Monte  Carlo  approach  there  are  no  external 
parameters  and  the  electron  energy  distribution 
function  can  be  simulated  more  precisely,  however, 
the  performance  of  the  method  is  worse. 

5.  Results 

All  these  methods  were  implemented  either  in  the  C 
language  and  tested  on  a  Silicon  Graphics  Power 
Challenge  XL  computer  (with  12  processors  R  10000, 
195  MHz  and  2  GB  of  shared  memory)  or  in  the 
FORTRAN-77  language  and  solved  on  a  PC 
microcomputer  (Pentium  Pro  processor,  200  MHz  and 
64  MB  of  RAM  memory).  All  further  results  are  given 
for  one  processor  R  10000,  which  is  approximately  two 
times  faster  than  the  Pentium  Pro  microcomputer. 


Fig.  1:  The  times  of  force  calculation  T;  in  dependence 
on  the  number  of  particles  N  for:  PP  -  direct 
summation,  FMM  -  Fast  Multipole  Method, 
SEM  -  Smooth  Ewald  Method,  MCI  and  MC2  - 
two  Monte  Carlo  methods.  Relative  accuracies 
for  FMM  and  SEM  methods  were  1  •  10"*. 

In  Fig.  1  the  performance  of  various  algorithms 
expressed  in  times  Tj,  necessary  for  moving  of  N 
particles  over  one  time  step  is  demonstrated. 


As  a  main  physical  result  it  was  found  that  the 
simplified  model  of  Ar  plasma  with  a  reduced  set  of 
scattering  events  can  be  used  for  the  qualitative 
simulation  of  electrons  in  positive  column  of  dc  glow 
discharge.  Etetailed  calculations  performed  with  various 
algorithms  and  plasma  parameters  proved  that; 

•  the  presence  of  positive  ions  in  the  model  does  not 
influence  the  electron  energy  distribution  function 
in  large  extent  compared  to  other  scattering  events 

•  the  stea(^-state  conditions  in  plasma  are  reached 
after  a  relatively  long  time  of  simulation  (typically 
after  1  ■  10^  time  steps,  every  step  being  of  the  order 
of  lO  ”  s),  this  time  depends  on  the  initial  mean 
energy  of  modelled  partieles 

In  the  computational  physics  direction  the  following 
results  were  derived: 

•  better  agreement  with  experimental  data  can  be 
achieved  with  the  molecular  dynamics  algorithms 
than  with  the  present  types  of  Monte  Carlo  models 

•  the  effectivity  of  the  one-particle  Monte  Carlo 
algorithms  is  much  better  than  even  the  best 
deterministic  algorithms 

•  the  new  deterministic  algorithms  (FMM  and  SEM) 
are  effective  only  for  large  models  with  10*  to  10® 
particles,  however,  in  this  case  the  demands  on  the 
computer  memory  are  enormous 

•  the  advantage  of  the  statistical  approach  is  its 
indifference  to  tire  effect  of  non-physical  heating  of 
plasma,  as  a  consequence  of  finite  time  steps 

•  in  the  deterministic  approach  the  non-physical 
heating  can  be  reduced  for  electron-electron 
interactions,  if  the  time  step  is  lower  than  lO  ”  s, 
however,  for  electron-positive  ion  interactions  this 
effect  cannot  be  fully  nullified  for  any  nonzero  steps 

•  the  adaptive  method  for  the  solving  of  the  equations 
of  motion  was  found  to  be  very  useful,  because  it 
reduces  a  non-physical  heating  of  the  system  [3]. 
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Non-stationary  gas  discharge  in  an  AC  plasma  display 
panel  (PDP)  cell  is  of  interest  for  several  reasons.  The 
understanding  of  complex  electrodynamical  and 
plasma-chemical  processes  in  PDP  cells  is  required  to 
design  the  driving  electronic  circuits,  to  enhance  UV 
emission  from  a  weakly  ionized  plasma  and  to  improve 
the  picture  quality.  On  the  other  hand,  fundamental  gas 
discharge  processes  and  features  (the  electrical 
breakdown,  cathode  fall  and  quasi-neutral  ambipolar 
plasma  formation,  plasma  decay,  charges  deposition  on 
the  dielectric  layers  )  are  appeared  in  operation  of  an 
AC  PDP  cell.  In  addition,  the  effects  of  non-locality 
and  non-stationarity  of  electron  energy  distribution 
function  are  important  for  electrodynamics  and  plasma 
kinetics  of  considered  discharges  because  of  the 
dimensions  of  a  few  hundred  microns  and  gas  pressiue 
of  a  few  hundred  Torrs.  Standard  approaches 
commonly  used  for  RF  and  DC  discharge  simulations 
may  be  inapplicable  for  a  PDP  cell  plasma. 

In  this  report  the  developed  hybrid  one  dimensional 
model  of  the  AC  PDP  cell  discharge  is  presented.  The 
calculated  discharge  dynamics  are  given  and  compared 
with  the  results  of  drift-diffusion  modeling.  The 
conservation  equations  for  plasma-chemical  species  in 
10%Xe/Ne  mixture  and  Poison  equation  for  electric 
field  were  seLf-consistently  solved  in  the  ID  model. 
Chemical  kinetics  system  and  discharge  geometry  were 
chosen  similar  to  [1]  (the  distance  between  flat 
electrodes  100  pm,  gas  pressure  300  Torr,  gas 
temperature  T=300K).  ID  hybrid  model  has  been 
developed  to  study  the  electrical  and  optical  properties 
of  an  AC  PDP  eell.Electric  field  in  tlie  discharge  is 
substantively  varied  both  in  time  and  space  .  In 
operation  ,cathode  fall  are  formed  with  the  typical 
length  at  10pm  and  reduced  electric  field  of  about  ID^ 
Td. 

Electron  energy  relaxation  length  in  this  region  is 
comparable  with  characteristic  length  of  electric  field 
variation.  At  the  boundary  of  cathode  fall  region  and 
adjacent  low  field  region  high  energy  electron  beam 
with  anisotropic  angle  distribution  are  appeared.  The 
ionization  ability  of  these  electrons  cannot  be  related 
with  local  field.  So,  in  oiu  hybrid  model  we  have 
divided  electrons  on  two  groups  -  “fast”  and  “slow”. 
Fast  electrons  motion  and  relaxation  are  determined  by 
solving  non-stationary  Boltzmaim  equation  taking  into 
account  non-locality  of  EEDF.Boltzmann  equation  are 


solved  using  Monte-Carlo  particle  in  cell  method(MC 
PIC).  Slow  electrons  as  well  as  ions  are  described  in 
drift-diffusion  approach  (DDA)  .  Charge  particles 
balance  equations  and  neutral  species  concentrations 
equations  are  self-consistently  solved  with  Poison’s 
equation  for  electric  field.  Fast  electrons  pass  in  a  slow 
electron  group  if  two  conditions  are  simultaneously 
realized  I  E(z)  I  <  Etr  ,  s  <  8,r.  Here  E(z)  is  an  electric 
field  in  the  point  -  z,  s  is  an  electron  energy.  The 
threshold  electric  field  -  Eo-  is  chosen  according  to  a 
representation  of  all  electrons  in  high  electric  field 
region  as  the  fast  ones.  The  energy  threshold  -  s,r  is 
found  to  be  close  to  the  lowest  threshold  of  inelastic 
processes.  The  pulse  discharge  calculations  by  using  the 
hybrid  model  are  started  beginning  from  the  initial  gap 
voltage  -  273.5  V  as  it  was  done  in  [2J.  The  voltage  as 
well  as  the  secondary  electron  emission  coeflScients  are 
chosen  the  same  as  in  [2]. Time  and  spartial  behavior  of 
reduced  electric  field  and  electron,  ion  Xe^  and  Ne^ 
densities  calculated  by  using  hybrid  model  are  shown  in 
Fig.  1-3  respectively.  As  it  is  seen  before  time  tj  =  420 
ns  the  field  is  still  uniform  and  is  not  distorbed  by  the 
charge  particle  densities.  The  ion  density  grows  and 
starts  to  decrease  the  field  on  the  anode  side.  To  t2  = 
490  ns  quasineutral  plasma  occupies  almoust  all  right 
(anode)  half  of  the  discharge.Moment  ts  =  509  ns 
corresponds  to  maximum  of .  the  current  density. 
Electric  field  at  that  time  has  a  typical  DC  glow 
discharge  cathode  sheath  with  the  length  of  about  10 
pm  with  maximal  reduced  electric  field  of  about  1400 
Td  at  the  left  dielectric  surface  (z  =  0)  and  the 
quasineutral  plasma  region  with  the  field  close  to  zero. 
After  this  moment  the  field  starts  to  reduse  and  cathode 
fall .  Starts  to  decay  due  to  the  charging  of  dielectric 
layers.  At  time  t4  =  514  ns  maximal  electric  field  in  the 
cathode  fall  drops  to  400  Td  and  the  voltage  across  the 
gap  is  equal  18  V.  The  disharge  fastly  decays. 

To  estimate  the  effects  of  non-local  discharge 
properties  the  same  discharge  has  been  simulated 
using  drift-diffusion  model  (DDM).  Electron  rate 
coefficients  and  other  parameters  were  calculated  by 
solving  the  Boltzmann  equation  in  two-term 
approximation  for  a  required  range  of  reduced  electric 
field. 

The  first  significant  difference  of  DDM  calculations 
from  hybrid  model  is  the  time  of  discharge  breakdown 
development.  The  maximal  current  density  is  reached 
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at  t=190ns,  that  is  2.5  times  shorter  than  in  hybrid 
model.  This  is  connected  with  higher  ionization  rates 
calculated  for  the  local  field  in  DDM.  As  a  result,  the 
discharge  proceeds  more  intensively.  Maximal  value  of 
reduced  electric  field  in  cathode  sheat  in  DDM  is 
higher  (about  2000Td).  Therefore  the  maximal  ions 
density  in  DDM  is  two  times  higher  than  in  hybrid 
model .  On  the  other  hand  the  electron  density  in  DDM 
is  about  two  times  lower  than  in  hybrid  model.  This 
result  deals  with  non-local  efiects.  Temporal-spatial 
Xe^  distributions  calculated  in  hybrid  model  and 
DDM  were  shown  in  Fig.3  and  Fig.4  respectively. 
Figures  show  two  maxima  in  ion  distribution.  The 
second  maximum  of  ion  concentration  in  Fig.4  deals 
only  with  transient  discharge  features  and  is  three  times 
smaller  than  in  Fig.3  . 

Thus,  the  simulation  results  show  a  substantial 
difierence  between  DDM  and  hybrid  model,  related 
with  non-iocal  effects.  As  a  result,  the  redistribution  of 
input  power  between  ion  and  electron  components  is 
different  in  these  models.  It  defines  the  different 
kinetic  of  Xe*  atoms  and  Xe2’  dimers,  which 
determines  VUV  emission  from  PDF  cell  plasma. 

The  work  is  supported  by  the  Russian  Foundation  of 
Fundamental  Research  (grant  96-02-18770). 
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1.  SUMMARY 

Many  modem  electrostatic  precipitators  (ESPs)  use 
pulsed  or  intermittent  energization  in  which  a  transient 
corona  discharge  is  utilized  for  particle  charging  and  pre¬ 
cipitation.  The  time  dependent  solutions  for  the  electric 
field  and  ion  distribution  are  presented  for  a  classical  ESP 
configuration.  We  treat  the  dynamics  of  the  transient  ion 
motion  by  switching  the  applied  voltage  between  levels 
above  and  below  corona  onset  for  the  given  electrode 
configuration.  As  a  consequence  of  corona  quenching  the 
onset  level  is  raised  by  the  presence  of  additional  space 
charge  due  to  charged  particles  in  the  volume. 

2.  INTRODUCTION 


charge  density  at  the  wire  surface  Fj ,  the  thickness  of  the 
corona  layer  being  L(x)=L(ri)  at  the  wire  surface  and 
with  the  effective  ionization  coefficient  a(E(L)),  the 
boundary  and  initial  conditions  become: 


Q(t,x)  =  c(e®-  -  1)  , 

^  ^  °  1  ,  at  F, 

g(t,x)  =  0  , 

t  <  0  J 

II 

o 

t  <  0  ,  in  Q 

The  voltage  pulse  applied  is  defined  as: 

U(t)  =  U,  , 

0  <  t  s  t| 

U(t)  =  U,  , 

t  >  t, 

where  t]  constitutes  the  pulse  length. 


A  geometry  bounded  by  two  plane  grounded  collecting 
plates  with  parallel  equidistant  wires  at  negative  high 
voltage  in  the  center  plane  is  considered[l-4].  The  un¬ 
derstanding  and  simulation  of  the  full  dynamics  of  tran¬ 
sient  coronas  are  considered  as  essential  tools  for  im¬ 
proved  ESP  design  and  energization.  A  first  attempt 
where  the  corona  was  modulated  by  switching  the  emis¬ 
sion  at  constant  applied  voltage  was  presented  in  [3].  The 
considered  geometry,  simpler  ones  were  considered  in 
[5],  consists  of  a  plane  channel  configuration  with 
straight  walls  r2,  with  one  high  voltage  electrode  Fi 
placed  in  the  symmetry  line  and  the  computational  do¬ 
main  Q.,  respectively  the  half  plane  between  the  elec¬ 
trode  and  the  wall. 


3.  GOVERNING  EQUATIONS 


For  simplicity  we  assume  that  the  ion  current  flow  is  es¬ 
sentially  determined  by  one  major  species  of  negative 
ions.  With  this  simplification  the  ion  drift  region  can  be 
described  by  the  following  equations: 


where  e,  p  are  the  permittivity  and  the  ion  mobility,  and 
E,  Q,  Qp  are  denoting  the  electric  field  vector,  ion  charge 
density  and  particle  charge  density  respectively.  The 
(eq.  1)  is  closed  by  the  potential  relation  E  =  —  V$.  The 
boundary  conditions  are  3>=0  at  the  collecting  plates  and 
^-U  at  the  surface  of  the  corona  electrode.  The  un¬ 
steady  continuity  equation  for  the  current  is  given  by  the 
physical  law  of  conservation  of  charge  and  together  with 
the  particle  velocity  vector  it  becomes: 


r, 

—  +  V 

at 


j  =  0  ,  j  =  Qi  P  E  -f  QpVp 


The  contribution  of  the  particle  movement  to  the  electri¬ 
cal  current  is  neglected. 


4.  SOLUTION  METHOD 


The  2D  computational  domain  (Fig.  1-4)  is  discretized  by 
four  structured  mesh  blocks  with  matching  grid  points  at 
internal  boundaries.  The  timewise  discretization  is 
carried  out  by  equidistant  time  steps 

.  tj  =  i  •  At  ,  0  s  i  s  n  (5 ) 

At  each  time  tj  the  electric  field  distribution  Ej  and  the 
consistent  distribution  of  the  space  charge  density  Qj  can 
be  found  by  solving  the  equation  (eq.  1-2)  together  with 
the  boundary  conditions  (eq.  3-4).  For  the  computation 
of  the  space  charge  q  (eq.2)  is  transformed  into  the  canon¬ 
ical  form, 

^  +  pE  •  Vq  =  f(Q)  . 
dx 

=  pE  along  a  characteristic  line 


and  the  space  distribution  of  q  is  computed  by  the 
characteristic  method,  i.e.  integration  along  the 
characteristics  that  essentially  correspond  to  the  electric 
field  lines.  These  are  time  dependent  and  therefore  the 
computation  of  the  space  charge  at  time  ti  must  be 
expressed  by  some  additional  time  delay  relation.  The 
integration  of  fig)  can  be  expressed  analytically  accord¬ 
ing  to  [6]  by 


Q(ti,x,)  = 


9(ti  -  T,xJ  •  Qpe-t^/^-ep^ 
g(ti  -  T,Xc)  •  (1  -  e-i'/'-ep’^)  -I-  Qp 


Hereby,  the  field  line  is  specified  by  the  point  xi,  which 
actually  represents  a  mesh  point,  and  it  ends  at  F  i  referred 
to  as  Xc.  The  travel  time  for  the  point  (xi)  is  specified  by 


y  IIAxi 


(8) 


according  to  the  canonical  form  (eq.  6)  of  the  continuity 


equation 


The  boundary  conditions  for  the  potential  are  $=0  at  the  RESULTS 

collecting  plates  and  3>=-U(t)  at  the  surfape  (Fj)  of  the 

corona  electrode.  The  corona  is  described  by  the  approxi-  A  first  case  (I)  is  introduced  to  demonstrate  the  response 

mation  [2].  With  Q(t,x)  being  the  negative  ion  space  of  field  distribution  and  ion  motion  to  a  voltage  pulse  of 
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ti=0.3ms,  where  the  voltage  peak  Ui=76kV  and  the 
corona  turn  off  voltage  U2=38kV  are  specified.  The 
discrete  time  step  At  is  set  to  0.05ms.  The  space  charge 
has  the  maximum  in  the  front  of  the  propagating  ion 
cloud.  The  highest  value  of  the  electric  field  occurs  at  the 
high  voltage  electrode  and  at  the  initial  time,  t=0,  where 
no  space  charge  is  in  the  volume  (Laplace  field).  As  a 
consequence  of  the  decreasing  field  and  the  assumed 
constant  ion  mobility  the  drift  velocity  at  the  front  of  the 
ion  cloud  is  always  smaller  than  that  at  the  rear  edge  (Fig. 
1,  Fig.  3).  The  apparent  azimuthal  structures  of  the  ring 
shaped  ion  cloud  are  caused  by  the  coarse  discretization. 

The  second  case  (H)  illustrates  a  situation  with  substan¬ 
tial  corona  suppression.  The  background  space  charge 
can  originate  from  particles  charged  in  upstream  sec¬ 
tions.  A  homogeneous  and  constant  (in  time)  space 
charge  density  Qp=10ixAs/m^  is  assumed.  In  this  case  a 
moderate  decrease  of  voltage  is  enough  to  quench  the  co¬ 
rona.  The  voltage  drop  is  set  from  76kV  to  60kV  after  the 
same  pulse  length  as  in  the  first  case.  The  form  of  the  ion 


Fig.  1:  Ion  space  charge  distribution  at  different  times 
without  particle  background  charge  (case  I). 


1.25kV/cm 


Fig.  3:  Electric  field  distribution  IIEII  (case  I)  at  t=0.5 
ms.  Spacing  of  iso-contours  is  0.25  kV/cm 


space  charge  cloud  is  seriously  distorted  (Fig.  2).  The 
high  electric  fields  in  the  whole  volume  lead  to  a  consid¬ 
erable  reduction  of  ion  transit  time.  Due  to  space  charge 
effects  this  time  can  be  shorter  than  one  would  expect 
from  the  first  order  l/Uj  approximation.  High  back¬ 
ground  space  charge  causes  an  increase  in  the  electric 
field  close  to  the  collecting  plate  (Fig.  4). 
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Fig.  2:  Ion  space  charge  distribution  at  different  times 
with  particle  background  charge  (case  II). 
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Fig.  4:  Electric  field  distribution  IIEII  (case  H)  at  t=0.5 
ms.  Spacing  of  iso-contours  is  0.25  kV/cm 
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The  field  of  hypersonic  aerodynamics  has  seen  a 
rebirth  in  the  past  years  due  to  the  proposed 
development  of  several  hypersonic  vehicles  (i.e.  space 
shuttle).  In  particular,  the  reentry  of  vehicles  in  the 
atmosphere  is  a  challenging  problem.  Considering  the 
shock  induced  by  the  reentry,  the  gas  reaches  high 
temperature.  This  causes  thermal  excitation  and 
chemical  reactions  to  occur  in  the  flow. 

An  experiment  was  carried  out  in  1991  by 
Lionel  Robin  from  the  CORIA  of  Rouen.  The 
measurements  were  performed  on  the  TTl  nozzle  from 
the  TSNIIMACH  facility  in  Moscow.  TTl  is  a 
supersonic  nozzle  that  was  used  in  order  to  simulate  the 
reentry  of  a  vehicle  into  the  atmosphere.  The  complete 
experimental  facility  was  built  of  a  supersonic  nozzle 
followed  by  a  jet  in  which  had  been  placed  an  oblique 
climbing  step.  This  step  was  a  model  of  the  protection 
material  surrounding  a  shuttle. 

The  scope  of  this  work  is  to  simulate  the  flow 
inside  the  nozzle  taking  into  account  both  chemical  and 
thermal  non-equilibrium.  Moreover,  the  influence  of 
various  chemical  and  vibrational  models  are  to  be 
studied.  The  available  experimental  data  related  to  this 
study  are  the  molar  fraction  of  NO  at  the  exit  of  the 
nozzle  as  well  as  the  velocity  and  the  translational 
temperature. 

Air  is  taken  as  the  simulation  fluid  composed  of  5 
species  which  are  N2,  O2,  NO,  N  and  0.  The  kinetic 
scheme  is  a  17  reactions  scheme. 
Dissociation/Recombination  of  each  molecule  and  2 
exchange  reactions  are  taken  into  account: 

N2  +  M  N  +  N  +  M 
O2  +  M  <->  0  +  0  +  M 
NO+M  ^  N+O+M 
NO  +  O  o  N  +  O2 
N2  +  O  N  +  NO 
M  being  one  of  the  5  species. 

The  basic  chemistry  model,  used  as  a  validation 
of  the  numerical  code  is  Park's  model[l].  Thermal  non 
equilibrium  is  modeled  for  each  molecule.  Thus  each 
molecule  is  characterized  by  its  own  vibrational 
temperature.  Terms  contributing  to  the  vibrational  non 
equilibrium  can  be  divided  in  3  parts:  vibrational  energy 
gained  or  removed  by  chemistry  (a  molecule  being 
removed  takes  back  its  vibrational  energy),  Vibration- 
Translation  (V-T)  processes  and  Vibration-Vibration  (V- 
V)  processes. 

V-V  processes  are  due  to  molecular  reactions 
such  as:  A(v)  +  B(v')  <-»  A(v-l)  +  B(v'+1) 

Source  terms  due  to  (V-V)  collisions  are  calculated 
using  Candler's  expression  [2]  and  supposing  that  the 
collision  probability  is  constant  and  equal  to  10-2.  n 


should  be  noticed  that  only  monoquantum  collisions  are 
considered  here. 

V-T  processes  are  due  to  either  molecular 
collisions  or  collisions  between  atoms  and  molecules: 

A-t-B(v)  o  A-i-B(v+l) 

A(v)  +  B(v')  o  A(v)  +  B(v'+1) 

The  V-T  processes  are  modeled  using  Landau- 
Teller's  relaxation  formula.  The  prediction  of  the 
relaxation  time  of  this  phenomena  is  an  open  subject. 
The  first  model  used  in  this  study  is  the  one  of  Millikan 
and  White[3]. 

The  system  to  solve  is  composed  of  11 
equations:  5  transport  equations  for  species,  3  equations 
for  the  transport  of  vibrational  energy,  2  equations  for 
momentum  (x  and  y  direction)  and  one  for  the 
conservation  of  overall  energy.  The  flow  is  supposed  to 
be  axisymetric  but  the  numerical  code  can  also  solve  2 
dimensional  problems. 

The  numerical  scheme  used  to  solve  these 
equations  is  an  upwind  Non  MUSCL  TVD  scheme 
based  on  the  work  of  Yee  [4].  The  code  is 
explicit/implicit  so  that  it  can  treat  time-accurate  as  well 
as  steady  state  calculations. 

Two  chemistry  models  have  been  used  in  this 
work.  The  first  one  is  commonly  known  as  Park's 
model[l].  This  "universal"  model  is  very  useful  since  it 
can  serve  as  a  validation  of  the  code  by  comparison  with 
other  numerical  results. 

In  this  model,  forward  reaction  rates  kf  are 

d 

given  as  Arrhenius  laws:  kj  =  AT"  exp( - ) 

whereas  backward  reaction  rates  are  obtained  using 
equilibrium  constants. 

The  other  chemical  model  used  in  this  study  is 
based  on  the  works  of  Krivonosova  and  Losev[5]  and 
hereafter  refered  as  Losev's  model.  The  2  models  mainly 
differ  on  the  expressions  of  the  backward  reaction  rates. 
It  should  be  noted  that  they  are  the  most  important  rates 
since,  in  expanding  flows,  recombination  processes  are 
dominant. 

Park's  model  tends  to  underestimate  the  values 
of  backward  reaction  rates  at  low  temperatures. 
Consequently  the  recombination  processes  are 
underestimated.  This  leads  to  underpredicted  values  for 
N2  and  O2  in  comparison  to  Losev's  model.  On  the 
opposite,  the  calculated  values  of  N  mass  fractions  seem 
to  be  overpredicted  with  Park's  model.  The  O  mass 
fraction  is  almost  the  same  with  both  models. 

As  far  as  NO  mass  fraction  is  concerned,  2 
antagonist  processes  take  place.  Using  Losev's  model 
should  give  a  higher  value  of  NO  due  to  a  more  efficient 
recombination.  However,  in  this  flow,  NO  is  mostly 
produced  by  the  exchange  reaction  O2  +  N  O  -t-  NO. 
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In  Park's  model,  the  mass  fraction  of  N  is  higher  in  the 
divergent  part  of  the  nozzle  than  in  Losev's  model.  Then 
the  amount  of  N  is  more  important  in  the  case  of  Park's 
chemistry  and  produces  more  NO  than  with  Losev's 
reaction  rates.  Moreover,  at  low  temperatures,  (which  is 
the  case  in  the  divergent  part  of  the  nozzle),  the  reaction 
NO  +  N  O  +  N2  is  faster  and  leads  to  a  larger 
removal  of  NO  than  with  Park's  model.  Calculating  the 
molar  fraction  of  NO  at  the  nozzle  exit  leads  to  values 
of  5.1  10'3  mol/m^  according  to  Park's  model  and  3.82 
1.0'^  mol/m^  according  to  Losev's  model.  The 
experimental  data  is  3.70  10'^  mol/m^  and  so  Losev's 
model  is  closer  to  the  reality  than  Park's  model  as  can 
be  seen  on  figure  1  where  the  mass  fraction  of  NO  along 
the  axis  of  the  nozzle  is  plotted. 

Mass  Fraction  of  NO 


Fig.  I.  Mass  fraction  of  NO  along  the  nozzle  axis 

Vibrational  relaxation  has  also  been  studied. 
We  focused  on  the  study  of  relaxation  times  in  V-T 
processes.  Indeed,  these  relaxation  times  are  highly 
important  in  vibrational  nonequilibrium  but  not  very 
well  known.  In  our  basic  model,  relaxation  times  were 
those  given  by  Millikan  and  White  [3].  Their  work 
gives  quite  inaccurate  results  for  atom/molecule 
relaxation  times.  In  their  model,  the  relaxation  times  are 
calculated  assuming  the  same  relaxation  for 
atom/molecule  collisions  and  molecule/molecule 
collision.  The  other  model  is  based  on  Makarov's  works 
[6]  and  gives  results  close  to  those  of  Millikan  and 
White.  The  last  model  we  tested  in  our  calculations  is 
based  on  the  works  of  Doroshenko  [7].  His  relaxation 
times  give  vibrational  temperatures  close  to  equilibrium 
values.  The  vibrational  temperature  of  N2  along  the  axis 
of  the  nozzle  is  plotted  on  figure  2  for  the  3  vibrational 
models.  Millikan&White  and  Makarov's  models  lead  to 
a  complete  freezing  of  the  vibration  in  the  divergent  part 
of  the  nozzle  whereas  Doroshenko's  model  tend  to  place 
vibration  close  to  equilibrium. 


Vibrational  Temperature  of  Nj 


Fig.  2.  Vibrational  temperature  of  N2  along  the  nozzle  axis 
The  calculated  velocity  at  the  exit  of  the  nozzle 
(3030  m/s)  is  fairly  correct  compared  to  the 
measurements  (3275  m/s).  However,  none  of  the 
models  implemented  so  far  is  able  to  correctly  predict 
the  translational  temperature.  As  can  be  seen  on  figure 
2,  the  calculated  temperature  is  close  to  800  K  whereas 
the  experimental  value  is  around  1200  K.  This 
discrepancy  has  also  be  seen  in  other  nozzles  where  the 
experimental  temperature  is  close  to  an  equilibrium 
value.  This  problem  is  still  under  investigation. 

In  this  work,  we  have  tested  different  models  to 
better  understand  the  physics  of  flows  expanding  in 
nozzles.  2  chemical  and  3  vibrational  models  have  been 
implemented.  The  results  given  by  a  new  chemistry 
model  seem  to  give  results  closer  to  experimental  data. 
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2V-distribution  function  using  splitting  scheme 
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M.V. Keldysh  Institute  of  Applied  Mathematics,  Miusskaya  Square  4,  Moscow  125047,  Russia 


Abstract 


2.  Mathematical  model 


The  paper  contents  description  of  a  numerical  so¬ 
lution  of  the  Fokker-Planck  Equation  for  the  az- 
imuthally-symmctric  in  momentum  space  distribu¬ 
tion  function  of  electrons.  The  presented  calculations 
are  based  on  the  successive  splitting  technique  using 
divergent  scheme.  As  an  examle  the  code  is  applied 
to  the  problem  of  the  Coulomb  scattering  of  a  spa¬ 
tially  uniform  monochromatic  beam  of  charged  par¬ 
ticles,  in  their  passage  throgh  field  charged  particles 
with  Maxwellian  distribution  function.  We  study  the 
relation  between  the  distribution  function  and  its  ve¬ 
locity  moments,  as  well  as  the  meen  value  of  slowing 
-down  time,  obtained  in  [1],[4]  and  in  our  numerical 
consideration. 


1.  Introduction 

Paper  [1]  describes  a  method  of  obtaining  the  implic¬ 
it  formula  for  the  distribution  function  of  charged 
particles  which  diffuses  in  a  plasma.  The  distribu¬ 
tion  function  in  velocity,  angle  and  time  is  presented 
on  the  base  of  the  Fokker-Planck  equation  solution. 
Temperature,  average  velocity  and  energy  of  charged 
particles  are  also  calculated  as  functions  of  time. 

In  their  passage  through  matter  electrons  or  fast 
charged  particles  lose  energy  and  change  direction  by 
multiple  interactions  with  field  particles.  The  dom¬ 
inant  slowing-down  effect  is  the  Coulomb  scatter¬ 
ing  of  beam  (test  particles),  interacting  with  charged 
field  particles.  In  our  model  we  use  the  spatially  uni¬ 
form  monochromatic  beam  of  charged  particles,  mov¬ 
ing  throgh  field  charged  particles  with  Maxwellian 
distribution  function  (in  contrast  to  d-shaped  distri¬ 
bution  function,  used  in  [1]).  We  also  disregard  the 
‘test  particle-test  particle’  interactions  because  the 
ratio  between  the  density  of  test  particles  and  field 
particles  is  suppo.sed  to  be  small.  The  test  particles 
slow  down  starting  from  fast  velocites,  while  the  field 
particles  are  assumed  to  be  given.  No  external  forces 
act  on  the  test  particles. 

Our  purpose  is  to  define  the  time-behavior  of  the  dis¬ 
tribution  function  of  passing  beam.  We  study  accor¬ 
dance  of  directly  obtained  behavior  of  momentum, 
energy,  temperature  in  time  and  valufe  of  slowing- 
down  time  with  our  numerical  solution.  We  check 
also  preservation  of  total  charge  of  test  particles  to 
examine  the  accuracy  of  our  method. 


The  considered  problem  is  subjected  to  Fokker- 
Planck  (FP)  formulation.  The  collision  term  of  FP 
equation  can  be  written  in  the  following  divergent 
form: 

(1) 

where  coefficients  of  friction  VHa  and  diffusion 
VVGa  can  be  calculated  in  terms  of  the  Trubnikov 
-Rosenbluth  potentials  [2-3]. 

Adding  the  initial  distribution  of  each  species  of  par¬ 
ticles  and  boundary  conditions  we  come  to  total  for¬ 
mulation  of  the  problem. 

In  our  case  =  Aexpi^—^^  and  f  fpdp  =  rijs, 
where  A  and  B  can  be  find  from  the  normalization 
condition:  /a(0)  =  R(5(p'  —  p)  and  f  fai0)dp  =  n.a 
consequently.  Boundary  condition  is  fa{Pmax)  =  0. 
We  use  adimensional  form  of  FP  equation.  Momen¬ 
tum  is  measuring  in  units  of  initial  momentum  po, 
adimensional  time  is  n^e^Z'^malp^t. 

Let  us  introduce  spherical  axially-symrrietric  coordi¬ 
nates  p=\p\,'4>]  here  xj)  is  the  angle  between  current 
momentum  and  initial  momentQm  directions.  Then 
we  can  rewrite  (1)  in  the  form  (taking  into  account 
independence  of  Ga,  Ha  on  ^): 


~^\p  ^«]  d — : — T~aT 
op  sin  xp  oxp 


Wa  = 


d'^Gg  dfa 
dp^  dp 


[sinV'Ka]; 

■2^/  ■ 

op 


_  1  dGg  dfa 
p  dp  dxp' 


(2) 


3.  Numerical  scheme 


The  presented  Numerical  solution  is  based  on  the 
successive  splitting  technique  [5-7].  For  splitting  of 
equation  (2)  one  can  use  (at  the  time  step  n)  the 
scheme  of  splitting  as  follows. 


1 

r„  A‘ 


^p^n  +  1/2;  (3) 

(4) 


where  are  operators,  defined  on  (i,j)-net  in 

the  momentum-  angle  space.  Each  of  the  above 
schemes  (3,4)  is  solved  with  the  sweep  method. 
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t 

Fig  1.  Time  dependence  of  test  particles’  kinetic 
energy  W  and  temperature  T. 

4.  Results 

Wc  chocked  conservation  of  total  charge  of  test  par¬ 
ticles  via  calculation  on  each  time  step  the  normal¬ 
izing  integral  J  fadp  =  in  the  same  form  that 
we  had  used  for  developing  our  splitting  scheme; 

j  f^jdOpidOipj .  Total  charge  does  not  keep  strict¬ 
ly  constant  value  due  to  our  right-hand  boundary 
condition,  fa{Pmax)  -  0. 

We  calculate  the  time-behavior  of  ‘parallel’  (along 
the  2  axis)  momentum  pz,  Wz,  temperature  T  and 
total  energy  W  (in  units  of  pg)  in  time  by  calculation 
of  appropriate  integrals  p  —  J  fapdp,  W  =  J  faP^dp 
and  T  =  f  fa  (p—  <  p  >)"*  dp  in  accordance  with  for¬ 
mulae  fijPidOpidOipj,  j2i,j  fijPidOpidOi^j  and 

Ei  J-  fij  {Pi  +{p)^  -  2pi  (^  cos  dOpidOipj  respec¬ 
tively  (Fig.(l)).  One  can  see  that  we  got  picture 
which  is  completely  adequate  to  [1]  for  momuntum. 
As  to  energy  and  temperature  there  are  some  differ¬ 
ence.  As  it  is  known,  the  test  particles  obtain  after 
relaxation  the  same  temperature  as  the  field  ones.  In 
our  case  the  field  particles  have  nonzero  temperature. 
So  one  can  see  that  our  curve  tends  to  stationary  so¬ 
lution. 

The  time-behavior  of  distribution  function  of  test 
beam  particles  is  shown  on  Fig.  (2). 

At  last  we  checked  dependence  of  the  slowing-time 
r  on  the  initial  energy/momentum  value  which  is 
r  ~  (see  [3],  [4]).  Due  to  this  relation  slower 
particles  relax  faster  then  particles  with  higher  en¬ 
ergy.  It  leads  to  ‘two-hump’  distribution  function. 
Numerical  solution  confirmes  this  dependence  (see 
Fig.  (2)). 

We  have  tested  our  solution  for  various  values  of 
time-,  momentum-  and  angle-step.  We  found  that 
our  solution  is  stable  and  accurate  for  the  chosen  set 
of  parameters. 
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The  inclusion  of  a  real  state-to-state  vibrational  kinetics  is 
a  challenge  for  modem  fluid  dynamics,  in  the  attempt  to 
describe  accurately  strongly  non-equilibrium  systems  such 
as  the  airflow  near  a  reeentry  body  or  hypersonic  vehicle,  or 
the  gas  flow  inside  a  plasma  processing  reactor.  In  this 
work  we  want  to  show  the  possibility  to  take  into  account 
a  realistic  description  of  the  time-dependent  kinetics  of  the 
vibrational  manifold  of  a  molecular  gas  (nitrogen)  by  using 
a  particle  approach  specially  suitable  for  fluid  dinamics 
problems,  i.e.  the  Direct  Simulation  Monte  Carlo  (DSMC) 
method  [1],  This  method  has  been  considered  as  an 
alternative  to  continuum  fluid  dynamics  in  order  to  treat 
complex  flow  field,  for  example  in  shock  wave  and  reentry 
airflow  near  flight  control  stmctures  of  spaceships.  Despite 
the  potential  capabilities  of  state-to-state  direct  description 
of  the  chemical  kinetics  offered  by  this  method, 
phenomenological  models  for  internal  state  kinetics  has 
been  applied  to  this  method  as  a  rule  (e.g  the  Larsen- 
Borgnakke  model  [1]).  The  kinetic  scheme  considered  in 
this  work  includes  VV  (vibration  vibrationa)  and  VT 
(vibration-translation)  energy  relaxation  processes,  i.e. 


N2(v)  -f  N2(w)  ->  N2(v-1)  +  N2(w-1-1) 
N2(v)  +  N2  ->  N2(v-1)  -t-  N2 


(1) 


The  relative  probabilities  for  different  processes  have  been 
calculated  by  using  the  following  equations  [2] 

=  b,^ki8i)8l 

k  (2) 

bi-.ki8i)  =  h^X8k) 


where  gj  is  the  relative  velocity  of  the  colliding  molecules 
in  the  i-th  internal  state.  This  approach  ensures  fullfillment 
of  the  detailed  balance  principle.  The  total  collision 
frequency  is  calculated  according  to  the  rigid-sphere  model. 
We  have  modified  this  formulation  in  order  to  get  a  more 
realistic  fitting  of  the  real  rate  coefficients  keeping  the 
fiillfillment  of  detailed  balance.  The  resulting  values  for  the 
coefficients  bj^  which  enter  into  the  expression  (2)  of 
p(i->k)  can  be  written  as  follows: 


b 

b 


v+r 

— >  w  ^ 
^v->v  +  l  ^ 

fv^v  \ 


(v  +  l)o((EjQ,p) 


=  w(v  +  l)//yyOf(ETOT)  (3) 


b\ 


yw-^wj 


where  v  is  the  number  of  vibrational  quanta,  ^Iw  and  )lel 

two  coefficients  used  to  scale  VV  and  TT  relaxation  times 
with  respect  to  the  VT  one,  and  a  a  normalization 

coefficient  which  depends  only  on  the  total  energy.  The 
value  of  )i.vv  hns  been  selected  to  approximately  reproduce 

the  results  of  Billing  [3]  for  the  state-to-state  ab  initio 
calculations  of  the  VV  rate  coefficients.  The  nitrogen  gas  is 
treated  as  a  gas  of  anharmonic  oscillators,  using  a  Morse 
potential  law. 

We  have  applied  the  model  to  the  vibrational  relaxation  of 
a  homogeneous  pure  nitrogen  gas  with  a  number  dentity 
N  =  10^^  cm‘3,  assuming  as  initial  conditions  a  Bolzmann 
distribution  at  Ty  =  8000  K  for  the  vibrational  states,  and  a 
Maxwell  distribution  at  Tt  =  1(X)0  K  for  the  molecular 
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velocity.  The  simulated  ensemble  included  50000 
molecules.  In  the  early  stage  of  relaxation  the  shape  of  the 
vdf  departs  from  the  equilibrium  Boltzmann  distribution 
specially  in  the  high  v  region  due  to  VV  relaxation 
processes.  This  phenomenon  is  connected  with  the  global 
non-equilibrium  state  of  the  gas  (two  very  different 
temperatures)  and  the  anharmonicity  of  the  oscillators.  In 
figure  1  it  is  shown  the  time  evolution  of  the  vdf:  one  can 
observe  that  the  tail  of  the  vdf  (high  v)  very  rapidly 
increases  by  order  of  magnitudes  with  respect  to  the 
equilibrium  one.  These  results  closely  follow  those 
reported  by  Cacciatore  et.al.  [4]  by  using  a  standard  master 
equation  approach.  The  first  part  of  these  distributions 
follows  a  Treanor's  law  as  can  be  noted  by  comparing  the 
vibrational  'temperatures'  T^  defined  as 

Tk,k+1  =  (£k+l  -  ek)/ln(Nk/Nk+i)  (4) 

with  the  corresponding  ones  obtained  by  the  Treanor's 
theory.  The  results  for  T34  is  reported  in  fig.2,  and  one  can 
see  that,  apart  from  strong  oscillations  due  to  statistical 
fluctuations,  the  two  approaches  give  similar  results.  Our 
results  illustrate  the  possibility  of  describing  the 
vibrational  relaxation  of  pure  nitrogen  g^  in  strongly  non¬ 
equilibrium  states  by  using  the  DSMC  method,  provided  a 
large  ensemble  of  molecules  is  considered  in  the 
simulation. 
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level  number 


Fig.l  Vibrational  distribution  function  as  a  function  of 
time  resulting  from  the  DSMC  model 


time  (psec) 

Fig.2  Companson  of  the  T34  temperature  (see  text  for 
definition)  resulting  from  the  DSMC  model  and 
calculated  according  to  Treanor's  theory  from  the  Tqi 
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1.  Introduction 

EBgh-power  CO2  lasers  are  increasingly  used  in 
industrial  tasks  such  as  cutting,  drilling,  welding  and 
thermal  treatment  of  materials.  In  this  contribution,  a  six- 
temperature  kinetic  model  in  the  case  of  a 
C02/N2/He/H20  gas  mixture  is  used  to  predict  the 
performance  of  a  fast-axial-flow  CO2  laser,  pumped  by  a 
longitudinal  electrical  discharge.  Numerical  predictions 
are  compared  wth  experimental  results  obtained  [1]. 

The  model  consists  of  a  set  of  eight  coupled 
diSerential  equations  [2]  describing  the  evolution,  along 
the  discharge  tube  axis,  of  five  vibrational  temperatures 
in  addition  to  the  gas  kinetic  temperature  and  the  light 
intensities  of  the  two  coimter-propagating  waves.  It 
takes  into  account  the  eflfects  of  electrical  excitation,  VT 
and  W  collisional  relaxation,  thermal  energy  transport 
and  light  intensity  amplification  inside  the  medium. 

Using  a  numerictd  method  to  solve  the  system,  we 
deduce  the  distribution  of  important  parameters  such  as 
gas  temperature,  gain  and  light  intensity.  Conclusions  are 
also  drawn  on  the  gain  saturaflon  process  which  reflects 
an  inhomogeneous  type  of  line  broadening  at  low-level 
intensities. 

The  state  of  the  active  medium  can  be  described  by 
the  population  on  five  vibrational  modes  :  the  three 
normal  modes  Vi  (symmetric),  V2  (bending)  and  vj 
(asymmetric)  of  CO2,  the  N2  vibrational  mode  and  the 
H2O  bending  mode.  They  will  be  denoted  by  s,  b,  a,  n 
and  w,  respectively. 

The  modeled  cavity  configuration  is  displayed  on 
Figure  1 .  We  will  determine  the  vibrational  populations, 
the  gas  temperature  T  and  the  light  intensities  F  and  T  of 
waves  propagating  in  both  directions  inside  the  cavity  as 
a  function  of  z,  neglecting  the  dependence  of  these 
parameters  on  radial  coordinates  [3]. 

2.  Description  of  the  model 

Notations 

The  population  distribution  inside  each  vibrational  mode 
P  can  be  described  by  a  Boltzmann  factor 
P  =  exp(-hvp/kTp).  vp  represent  the  mode  fi-equency  and 
Tp  its  vibrational  temperature.  For  a  given  vibrational 
level,  the  population  distribution  over  the  rotational  sub- 
levels  is  determined  by  the  gas  kinetic  temperature  T.  In 
our  simulation,  we  consider  the  laser  transition  P(20)  in 
the  001 ->001  band. 

The  gas  mixture  proportions  are  denoted  by  f^,  f;,,  fh 
and  fw.  At  the  tube  entrance,  the  gas  flow  velocity  is  Vo, 
the  temperature  is  To  and  the  pressure  is  Pq.  The  pressure 
is  supposed  to  be  constant  along  the  discharge  tube.  Nj 
represents  the  number  density  of  particle  i  (i=c,n,h,w). 
N„  Nb  and  N,  represent  the  number  densities  for  the 
three  CO2  vibrational  modes. 


Other  Boltzmann  and  energy  defect  factors  present  in 
the  set  of  equations  are  : 

b  =exp(-hVb/kT),  n=exp(-hVn/kT),  w=exp(-hv,AT), 

=  exp[-h(v„-v  p)/kT]. 

ILip  (resp.  R«)  represent  W  (resp.  VT)  transition 
rates  due  to  collisions  between  molecules  [4].  F  is  the 
stimulated  emission  rate.  Up  represent  the  electrical 
pumping  rates.  F*  is  the  gas  discharge  direct  heating  rate. 
Ci  is  the  specific  heat  of  specie  i  at  constant  pressure,  a 
is  the  gain  per  unit  length  in  the  gas  medium. 


TjpOj  TnnsmWirityajidalMwifiMigrefadnitri 
C  CaAode  A  Ande 


Figure  1  Geometry  of  the  modeled  fast-axial-flow  CO2 
laser 


The  modd 

The  set  of  coupled  diflFerential  equations  describing  the 
evolution  of  the  five  Boltzmann  factors,  of  the  gas 
temperature  T  and  of  the  light  intensities  F  and  F  reads  : 

V  da  _  (nDa,n-a)  (wDa.w-'^) 

(1-a)^  dz  ^(1-nXl-s)  *^(l-wXl-a) 


(b  Da,b-a) 

+  Rd, - - -  (1-aXl-sXl-b)*  r  +  U.  (1) 

(l-b)’(l-a) 

and  similar  equations  for  s,  b,  n  and  w  (2)  -  (5) 

No  dT 

{  ^iCn  +  ^Cb  +  )  Vfl  j  “ 

Na  dz 

(nD^„-a) 

-h(v.-v,0N,R,„  - — — — --h(v,-Vw)NJR.w 

(1-nXl-a) 


(wDa.w-^) 

(1-wXl-a) 

(b'D^b-s) 

(l-b)^(l-s) 


-h(v..Vb)NJl.b - - -h(v,-Vb)N,R* 

(l-b)*(l-a) 

(b-b) 

-2hVbNb^--f+F.  (6) 

(1-0) 


dl  dl‘ 

- =aF  and  - =-aF  (7), (8) 

dz  dz 


At  z  =  0,  Boltzmann  factors  are  evaluated  on  the 
basis  of  Boltzmaim  temperatures  equal  to  the  gas 
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temperature  To.  The  boundary  conditions  relative  to  the 
light  intensities  and  T  can  be  written  : 
r (OHl-ai  -Ti  )r(0)  and  r(lik«.Hl-a2  -X2  (9) 

The  numerical  resolution  of  the  differential  equations 
system  has  been  achieved  using  a  finite-difference 
method.  The  used  step  on  the  z-axis  was  reduced  until 
the  solution  becomes  stationary.  Our  program  was  built 
using  Matlab  environment  on  a  PC  computer. 

3.  Results  and  discussion 

The  parameters  used  for  our  simulation  are  given  in 
Table  1.  The  chosen  discharge  parameter  E/N  leads  to 
an  optimal  electrical  energy  transfer  to  the  N2  and  CO2 
(a)  vibrational  modes.  The  discharge  current  was  set  to 
the  maximum  value  beyond  which  discharge  instabilities 
appear.  It  corresponds  to  a  volumetric  power  density  jE 
of  1 .2  W/cm^,  the  gas  residence  time  being  5  ms  [2]. 


Table  1  Operating  specifications  of  the  simulated  setup 


Tube  length  loow 

60  cm 

Positive  column  length  Ipc 

50  cm 

Tube  diameter  d 

5  cm 

Cavity  mirrors  characteristics 

M1:ti  =  0,  ai  =  0  M2  :  T2  = 

0.2,  a2  =  0 

Entrance  gas  mixture  pressure  Pq 

20Torr 

Entrance  gas  flow  velocity  Vo 

100  m  s' 

Entrance  gas  mixture  temperature  To  293  K 

CO2  /  N2  /  He  /  H2O  gas  mixture 

proportions 

f;=0.04  4  =  0.4  4=0.56 

fw  =  5  10-’ 

Discharge  parameter  E/N 

3  10-'®Vcm* 

Discharge  current 

120  mA 

The  obtained  gas  kinetic  temperature  distribution 
shows  a  slight  increase  fi'om  293  K  at  z  =  0  to  294.5  K 
at  z  =  Iflow.  Heat  dissipation  effects  can  therefore  be 
neglected. 

The  evolution  of  the  gain  per  unit  length  a  along  the 
tube  axis  is  displayed  on  Figure  2.  The  corresponding 
overall  small-signal  gain  after  one  round-trip  through  the 

active  medium,  exp[2j^®“^ao(z)  dz],  is  4.00. 

Figure  3  shows  the  light  intensity  distribution  for 
both  couter-propagating  waves.  The  output  intensity 
lout  =  X2*r^(lfl«»)  is  21 .6  W/cm^  leading  to  a  laser  output 
power  Pl  =  JtdV4  ♦  lout ,  is  424  W.  The  extracted  laser 
power  per  unit  volume  of  the  active  medium  is  thus 
0.36  W/cm^.  As  a  comparison,  the  same  parameter  in  the 
experimental  setup  described  in  [I]  is  0.22  W/cm^. 

In  addition  to  the  determination  of  the  operating 
characteristics  of  the  laser,  we  have  investigated  the  gain 
saturation  process  in  the  gas  medium.  It  is  known  that  in 
the  case  of  a  homogeneously  broadened  line,  the 
dependence  of  the  gain  saturation  ratio  o/oo  on  the  light 
intensity  I  is  given  by  the  relation  ot/oto  =  (1  +  I/Ii)'', 
where  1,  is  the  saturation  intensity,  ct^d  is  plotted  as  a 
function  of  I  in  Figure  4. 


The  gain  is  half  its  unsaturated  value  for  an  intensity 
I1/2  =  35.4  W/cm^.  One  clearly  sees  that  the  variation  of 
Oo/a  is  linear  for  values  of  I  higher  than  50  W/cm^, 
whereas  the  slope  is  lower  at  low  intensities.  For  high- 
level  intensities,  the  gain  behavior  fits  to  a  homogeneous 
type  of  saturation.  The  saturation  intensity  I,,  equal  to 
Ae  slope  inverse,  is  19.9  W/cm^.  The  curvature  at  lower 
values  of  I  indicates  that  the  inhomogeneous  character  of 
the  line  broadening  plays  an  important  role.  In  our 
mixture  conditions,  ^e  homogeneous  linewidth 
-FWHM  of  the  laser  line  Lorentzian  profile-  due  to 
collisions  is  105  Mhz,  whereas  the  Doppler  width  is  52 
Mhz  and  cannot  be  neglected,  thus. 


Figure  2  Distribution  of  the  gain  per  unit  length  along 


the  tube,  in  unsaturated  (broken  line)  and 
saturated  regimes  (solid  line) 


Figure  3  Light  intensity  distribution  for  fiarward  (+) 
and  reverse  (-)  waves  inside  the  tube 


Figure  4  Ratio  of  unsaturated  to  saturated  gain  in  the 
gas  medium,  as  a  function  of  light  intensity 
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Pulsed  positive  corona  discharges  in  flue  gas¬ 
es  are  actively  studied  now  in  connection  with 
their  use  for  gas  cleaning  from  toxic  compo¬ 
nents  NOi  and  CO2  [1].  Active  particles  par¬ 
ticipating  in  removal  of  toxic  components  are 
produced  in  the  regions  of  high  electric  field 
-  in  the  heads  of  streamers  propagating  in 
discharge  gap.  Calculation  of  the  rates  of 
active  particle  production  is  of  great  impor¬ 
tance  for  prediction  of  the  efficiency  of  pulsed 
corona  for  cleaning.  In  previous  works  [2]-[4] 
such  calculations  have  been  done  with  use  of 
one- dimensional  (ID)  streamer  model.  In  the 
frame  of  ID  models  the  results  depend  on  the 
choice  of  the  value  of  streamer  radius  which 
is  input  parameter  of  the  model.  More  rig¬ 
orous  approach  is  based  on  two-dimensional 
(2D)  streamer  model.  In  the  present  paper 
the  results  of  2D  simulation  of  positive  stream¬ 
er  propagation  in  flue  gas  are  given.  The  G- 
values  (numbers  of  particles  produced  per  100 
eV  of  input  electrical  energy)  for  the  produc¬ 
tion  of  primary  chemically  active  components 
are  obtained. 

The  2D  streamer  model  is  analogous  to  that 
used  earlier  for  air  and  described  in  detail  in 
[5].  Streamer  propagation  in  sphere-plane  gap 
(the  sphere  radius  R^ph  =  0.05  -  0.2  cm,  the 
ratio  of  the  gap  length  d  to  the  sphere  radius 
dfRiph  =  5— 20)  in  the  mixture  N2:02:C02:H20 
=  0.71:0.05:0.08:0.16  at  the  molecule  number 
density  =  2.510^®  cm“^  and  the  gas  tem¬ 
perature  T  =  340  K  has  been  simulated.  As  it 
has  been  shown  in  [2],  the  electron  energy  dis¬ 
tribution  function  (EEDF)  in  flue  gas  mixtures 
is  close  to  the  EEDF  in  air.  So  in  our  model 
for  flue  gases  the  rate  constants  of  excitation 
and  dissociation  of  gas  components  have  been 
taken  calculated  with  EEDF  in  air  [6].  The 
data  [7]  on  the  nitrogen  dissociation  rate  con¬ 
stant  have  been  used.  Ionization  coefficient  in 
flue  gas  has  been  taken  the  same  as  in  air,  in 
accordance  with  [2].  Attachment  coefficient  in 


flue  gas  differs  from  that  in  air,  but  the  role  of 
attachment  is  not  essential  for  short  stream¬ 
ers  considered  here.  The  main  factor  that  de¬ 
termines  the  difference  between  parameters  of 
streamers  in  air  and  flue  gases  is  photoioniza¬ 
tion:  the  path  length  of  ionizing  photons  in 
flue  gases  is  significantly  less  than  in  air  due  to 
strong  absorption  by  II2O  and  CO2  molecules. 
In  figure  1  the  distributions  of  the  electric  field 
E  and  the  electron  number  density  along 
the  streamer  axis  z  are  presented  for  Rsph  = 
0.2  cm,  d  =  1  cm,  the  applied  voltage  17  =  14 
kV.  The  value  of  electric  field  in  streamer  head 
Eji  in  flue  gas  is  greater  than  in  air.  Cor¬ 
respondingly,  the  electron  number  density  in 
streamer  channel  in  flue  gas  is  also  greater 
than  in  air  (correlation  of  Eh  and  ric  obtained 
by  2D  simulation  agrees  with  the  results  of  an¬ 
alytical  streamer  theory,  see  [5]).  The  velocity 
of  streamer  propagating  in  flue  gas  is  slightly 
higher  and  streamer  radius  is  slightly  less  than 
in  air  (for  the  same  external  conditions). 

The  results  of  calculation  of  active  particles 
production  by  streamers  in  flue  gases  show 
that  the  dependence  of  the  G-values  on  ex¬ 
ternal  conditions  is  weak,  as  in  air  [8].  The 
main  chemically  active  components  generat¬ 
ed  in  considered  mixture  are  electronically  ex¬ 
cited  nitrogen  molecules  N2  (which  produce 
radicals  in  collisions  with  O2,  CO2  and  HoO 
molecules),  nitrogen  atoms  N,  oxygen  atoms  in 
ground  state  0(^P)  and  in  excited  state  0(^D). 
Calculated  G-values  for  production  of  these 
components  are:  Gn*  =  1.39  —  1.55;  Gn  = 
0.34  —  0.38;  Gq^^p)  —  0.33  —  0.37;  Gq^^d)  ~ 
0.16-0.19. 

It  is  interesting  to  compare  the  relations  be¬ 
tween  G-values  obtained  by  2D  modeling  and 
estimated  with  use  of  simple  analytical  rela¬ 
tions.  In  [8]  for  the  ratio  of  G-values  corre¬ 
sponding  to  production  of  particles  of  sorts  i 
and  j  in  reactions  with  high  enough  energy 
thresholds  (when  particles  are  generated  main- 
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Figure  1:  Electric  field  (a)  and  electron  num¬ 
ber  density  (b)  distributions  along  the  stream¬ 
er  axis  for  air  (lines  1)  and  flue  gas  (lines  2).' 

ly  in  streamer  head)  the  expression  has  been 
obtained: 

G,  /|>.(E)dE 

Here  a,-  is  the  reaction  rate  coefficient  in  given 
gas  mixture  (a,-  =  YlxiKii{E)/Vdr{E),  where 
xi  is  the  relative  concentration  of  molecules  of 
sort  I  in  the  mixture,  Ku  is  the  reaction  rate 
constant  for  the  production  of  particles  i  in  col¬ 
lisions  of  electrons  with  molecules  I,  Vdr  is  the 
drift  velocity  of  electrons).  The  upper  limit  of 
integrals  in  (1)  is  the  maximal  value  of  electric 
field  in  the  streamer  head  Eh,  the  lower  limit 


is  the  field  in  the  streamer  channel  (note 
that  the  dependence  of  (1)  on  the  lower  limit 
is  very  weak).  The  results  of  comparison  of  2D 
data  with  (1)  are  given  in  the  table. 

Gn/Gn'  Go(3p)/Gn*  Go(i-Q^/G^’ 

2D  0.23-0.26  0.22-0.25  0.11-0.13 

(1)  0.30  0.21  0.11 

It  is  seen  that  the  relative  values  of  G  can  be 
estimated  analytically  with  accuracy  about  20- 
30  %  . 
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1.  Introduction 

Plasma  oxidation,  applying  an  activated  oxygen  plasma, 
is  one  of  the  most  promising  low  temperature 
techniques  used  to  grow  oxide  dielectric  films  on  metal 
or  semiconductor  surfaces.  There  exist  several 
possibilities  of  plasma  oxidation.  One  point  of  view  is 
connected  with  energies  of  electrons  and  oxide  ions 
which  take  part  in  the  oxidation  -  it  is  possible  to  apply 
plasma  anodization  (oxidation  under  positive  bias  of 
sample  according  to  plasma  potential  in  the  same  place), 
oxidation  without  external  bias  and  oxidation  under 
negative  bias  [1].  In  these  processes  the  important  role 
is  played  by  a  sheath  which  is  the  transition  region 
between  the  undisturbed  plasma  and  the  oxidized  solid 
surface.  In  this  region  there  occurs  the  plasma-surface 
interaction,  and  understanding  the  sheath  is  one  of  the 
key  parts  of  plasma  chemistry.  Plasma  physicists  pay 
attention  to  the  problem  of  the  sheath  for  many  decades 
[2,3].  To  obtain  better  results  in  this  field,  a  quantitative 
understanding  of  the  sheath  region  is  required.  We  are 
trying  to  use  computer  modelling  for  it.  Many  authors 
have  modelled  the  entire  direct  current  glow  discharge 
[4-7],  but  not  so  many  have  dealt  with  the  problem  of 
the  sheath  by  this  technique  [8]. 

The  sheath  near  a  charged  surface  of  metal  under 
conditions  of  the  plasma  oxidation  of  aluminium  films 
in  oxygen  plasma  in  the  positive  column  of  a  dc  glow 
discharge  was  studied  in  the  present  paper  by  the 
computer  experiment.  The  complete  process  of  the 
plasma  oxidation  of  metals  consists  of  three  parts  - 
(i)  volume  processes  in  oxygen  plasma,  (ii)  interaction 
of  the  oxygen  plasma  with  the  surface  of  metal  and/or 
growing  oxide  film  and  (iii)  the  diffusion  of  charged 
species  through  the  growing  alumina  film.  The  model 
for  analyzing  the  volume  processes  [9]  yielded  us  the 
steady-state  concentrations  of  all  considered  kinds  of 
particles  in  an  oxygen  plasma  for  various  combinations 
of  experimental  parameters  -  gas  pressure,  discharge 
current,  applied  electric  field,  electron  temperature,  etc. 

2.  The  description  of  the  simulation 

The  model  of  the  sheath  in  oxygen  plasma  is  based  on 
Monte  Carlo  simulations  when  we  simulate  a  large 
number  of  charged  particles.  The  basic  scheme  of 
modelled  region  is  seen  in  Fig.  1.  The  charged  particles 
are  passing  through  the  sheath  imder  the  influence  of  an 
electric  field;  collisions  with  neutrals  are  taken  into 
account.  The  trajectory  of  the  particles  is  given  by 


Newton’s  laws.  The  probability  of  a  collision  is 
calculated  by  random  numbers.  The  Poisson  equation 
for  the  electric  field  is  solved  in  a  self-consistent  way. 
The  source  can  give  particles  with  diverse  velocity 
distributions.  In  the  model  we  used  two  values  of  time 
steps  for  electrons  and  for  ions  because  of  their  different 
mobility.  The  calculations  are  made  for  electrons  first, 
in  the  M electron  time  step,  where  Mis  a  given  number. 
Then  the  new  electric  field  is  evaluated  and  the  motion 
of  all  ions  is  computed  in  the  M  ion  time  steps.  The 
"zero  size  particle"  method  is  used. 


Figure  1.  Model  region  schematic  diagram  with 
illustrated  trajectories  of  particles:  PLASMA  - 
undisturbed  plasma  (source  of  particles), 
SHEATH  -  region  of  the  sheath  with  electric 
field  that  returns  a  part  of  particles  into  the 
undisturbed  plasma  (1),  FILM,  PROBE  -  metallic 
surface  covered  with  an  oxide  film.  There  are 
processes  of  interaction  demonstrated  between  a 
particle  and  the  film:  passing  through  the  film 
(II),  reflection  (III),  secondary  emission  (IV). 

In  the  model  we  assume  a  planar  film  surface.  The 
model  simulates  the  motion  of  charged  particles  only  as 
they  are  mfluenced  by  the  electric  field  in  the  sheath. 
The  neutral  oxygen  atoms  at  rest  cause  many  collisions 
with  the  charged  particles.  As  input  values  for  the 
model  the  data  for  the  four  species  -  electrons,  ions  0“, 
O2  and  Oj"-  were  used  [10]  (only  ions  with  sufficient 
concentrations  were  taken  into  account).  The  values  of 
mean  free  paths  of  the  charged  particles  in  neutral  gas 
were  derived  from  the  experimental  values  [11]  and 
calculated  from  the  values  of  mobility.  Because  the 
values  for  ions  have  the  same  order  of  magnitude,  we 
have  used  in  the  first  approximation  the  values  1x10'*  m 
for  ions  and  1x10'^  m  for  electrons.  The  source  of 
particles  in  the  undisturbed  plasma  region,  which  we 
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Figure  2.  Fluxes  (in  arbitrary  units)  of  charged 
particles  hitting  the  sample  surface  at  various 
sample  potentials. 

assume  in  the  first  approach,  has  a  Maxwellian  velocity 
distribution. 


3.  Results 


Figure  4.  Energy  distribution  of  the  impact 
electrons  at  the  sample  potential  of  -2  V  (1), 
3  V  (2),  9  V  (3),  15  V  (4). 


Some  results  for  oxygen  plasma  (for  typical 
experimental  parameters:  100  Pa  gas  pressure,  1 1  600  K 
electron  temperature,  300  K  gas  temperature,  length  of 
glow  discharge  tube  about  30  cm)  are  shown.  The 
concentrations  of  species  applied  are  2.9x10'“  cm'^  for 
electrons  and  3.4x10'“  cm'^  4.9x10®  cm‘“,  2.2x10*  cm'* 
for  ions  02^  O”,  respectively. 

We  calculated  both  the  concentration  and  the  energy 
distribution  of  the  impinging  charged  particles  on  the 
sample.  In  Fig.  2  the  changes  of  fluxes  of  the  four 
mentioned  kinds  of  charged  particles  for  various  sample 
potentials  are  shown.  It  is  seen  that  negatively  charged 
particles  dominate  at  positive  bias  and  vice  versa.  The 
flux  changes  are  between  -lOV  and  OV  for  electrons 
and  near  zero  sample  potential  for  ions. 

In  Figs.  3  and  4  we  can  see  the  energy  distribution  of 
impinging  electrons  varying  with  the  sample  potential. 
Fig.  3  shows  it  in  a  smaller  range  of  negative  potentials, 
and  the  next  Figure  in  a  more  wide  range  of  potentials. 
It  is  clear  that  when  the  potential  changes  from  more 
negative  value  towards  zero  then  the  number  of 


0  1  2  3  4  5 

electron  energy  [eV] 

Figure  3.  Energy  distribution  of  the  impact 
electrons  at  the  sample  potential  of  -3,5  V  (1), 
-2.5  V  (2),- 1.5  V  (3). 


impinging  electrons  is  higher.  But  when  the  potential 
increases  to  positive  values  the  number  of  electrons 
does  not  change,  however,  the  distribution  shifts  to 
higher  energies  as  the  electrons  are  accelerated  by  the 
electric  field  in  the  sheath. 

The  model  of  the  sheath  in  oxygen  dc  glow  discharge 
give  us  positive  new  knowledge  about  processes  in  the 
sheath  when  collisions  are  considered.  In  the  paper 
there  are  the  fluxes  and  the  energy  distributions  of  the 
charged  particles  impinging  the  sample  surface 
mentioned. 
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Abstract 

Several  theories  have  been  proposed  to  explain  the 
Trichel  current  shape,  at  low  pressure,  in  good  agreement 
with  experimental  results.  Nevertheless,  these  theories 
failed  to  explain  very  fast  rise  time  (few  nanoseconds) 
observed  at  high  pressure.  The  aim  of  this  paper  is  to 
present  a  numerical  simulation  of  the  Trichel  pulse  which 
explain  the  typical  current  shape  observed  in  air  at 
atmospheric  pressure  in  terms  of  field  effect  emission. 


I  -  Introduction 

When  a  sufficiently  high  negative  voltage  is  applied 
to  a  point-plane  gap  in  an  electronegative  gas  such  as 
air,  regular  corona  current  pulses  are  observed.  These 
regular  current  pulses,  called  Trichel  pulses,  have  been 
first  studied  by  Trichel  [1]. 

A  model  of  the  pulse  formation  was  developed  by 
Loeb  [2],  His  predictions  were  confirmed  by  Morrow 
[3],  [4]  who  has  developed  a  theoretical  calculation 
which  account  for  the  Trichel  pulse  development  in 
oxygen  at  low  pressure  (6.67kPa).  Morrow's  theory 
explains  the  current  pulse  formation  in  terms  of 
photoelectric  effect  and  ion  secondary  processes  at  the 
cathode. 

Nevertheless,  at  high  pressure  (above  SOkPa),  Loeb 
[2]  and  Cernak  and  Hosokawa  [5]  have  pointed  out  that 
the  rise  time  of  the  current  pulse  cannot  only  be 
explained  by  the  photoelectric  effect. 

We  propose  here  a  numerical  simulation  of  Trichel 
current  pulse  in  air  at  atmospheric  pressure.  This 
simulation  takes  field  emission  from  the  cathode  into 
account  and  allows  to  explain  the  very  fast  rise  time 
characteristic  which  is  observed  at  high  pressure. 


respectively,  and  We,  Wp,  Wn  are  electron,  positive  ion 
and  negative  ion  drift  velocities,  respectively.  The^ 
material  functions  a,  P,  T)  are,  respectively  ionization, 
recombinaison  and  attachment  coefficients. 

These  equations  are  solved  numerically  on  a 
nonuniform  mesh  using  a  Flux  Corrected  Transport 
(FCT)  algorithm  based  on  techniques  described  by 
Borris  and  Book  [6]  and  Morrow  [3]. 

The  continuity  equations  are  coupled  to  Poisson's 
equation  via  the  charge  densities.  Thus,  the  axial  electric 
field  E(x)  is  evaluated  using  the  classic  method  of 
Davies'  disk  [7].  The  discharge  is  considered  to  be  an  r- 
radius-cylinder  centered  on  the  axis  of  symmetry  of  the 
system. 


Two  electron  emission  processes  are  used.  At  the 
cathode  we  set : 


Ne(0,t)  —  Ne(powier)  Ne^'y  y 

•  Ne(Y)  is  the  density  of  secondary  electrons  emitted  at 
time  t : 


Ne(.y)(0,t)  =  Y 


Np(0,t)Wp(0,t) 


WeCO.t) 


_2 

y  =  10  is  the  ion-secondary-emission  coefficient. 

•  Ne(Fowier)  is  the  electron  density  emitted  from  the 
cathode  by  field  effect.  This  density  is  calculated  using 
Fowler-Nordheim  relationship  [8]  : 

j  =  Bj — 2 - 

Ot  (y) 


-Bjv(y) 


3/2 


where  j  is  the  current  density  (A/m^),  E  is  the  electric 
field  on  the  cathode  surface  (V/m)  and  <I>  the  metal  work 
function  (eV)  ( Bj,  B2,  t(y),  v(y)  are  defined  in  [8] ). 


II  -  Theory 

The  theory  is  based  on  a  one-dimensional  model  in 
which  continuity  equation  for  electrons,  positive  ions 
and  negative  ions  are  used  to  describe  only  the  axial 
development  of  the  discharge. 


3  3 

—  N  +  —  N  W  =(a-T|)W  N  -BN  N 
3t  «  3x  ®  «  '  e  e  e 


P 


3  3 

—  N  +  —  N  W  =(XW  N  -BN  N  -BN  N 

at  p  ax  p  p  ®  ®  ®  p  "  P 

3  3 

—  N  +  —  N  W  =TlW  N  -BN  N 
3j  n  3x  n  n  e  e  n  p 


Here,  t  is  time,  x  distance  fi'om  the  cathode,  Ne,  Np,  N„ 
are  the  electron,  positive  ion  and  negative  ion  densities. 


Moreover,  we  take  cathode  surface  state  into  account 
using  a  multiplier  coefficient  P  of  the  electric  field  [9]. 

The  current  I  in  the  external  circuit  due  to  the  motion 
of  electrons  and  ions  is  calculated  using  Sato's  equation 
[10]. 

Ill  -  Results 

Typical  Trichel  current  pulse  shapes  in  air  at 
atmospheric  pressure  obtained  by  Torsethaugen  and 
Sigmond  [11]  are  shown  in  fig.l  in  a  point-plane  system 
with  a  0.074mm  radius  point  and  a  16mm  gap.  The 
applied  voltage  was  -4.25kV.  Two  kinds  of  cathode 
materials  were  used.  The  main  features  of  the  impulse 
shape  obtained  using  Mo  and  Au  cathode  are  a  rise  time 
shorter  than  3ns,  a  peak  value  of  4mA  and  a  step  on  the 
leading  edge. 
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Fig.  1.  Trichel  current  pulses  in  air  at  atmospheric  pressure 
( Torsethaugen  and  Sigmond  [11]) 


Computed  current  obtained  for  the  same 
experimental  configuration  is  shown  in  fig.  2.  The 
discharge  is  considered  to  be  an  0.5mm  radius  cylinder 
[2].  For  the  calculation  presented  we  use  a  value  of 
0=4.5eV  corresponding  to  the  mean  value  of  Mo  and 
Au  work  functions.  The  value  of  the  multiplier 
coefficient  field  P*  is  120.  This  value  is  in  good 
agreement  with  the  experimental  one  [9]. 


time  (ns) 

Fig.  2.  Computed  current  versus  time 
d=16mm;  R=0.074mm;  U=-4.25kV 
3>=4.5eV;  P*=120;  p=0.5mm 

The  main  features  of  the  theorical  current  pulse  are 
in  good  agreement  with  the  experimental  results:  rise 
time  ~3ns,  peak  value  ~4mA  and  a  step  on  the  leading 
edge. 

To  explain  the  step  on  the  leading  edge  we  have 
artificially  set  the  secondary  emission  coefficient  y  to 
zero.  The  two  current  pulses  obtained  are  strictly 
similar.  Therefore,  the  step  on  the  leading  edge,  at  high 
pressure,  cannot  be  explained  in  terms  of  positive  ion 
impact  as  it  has  been  shown  at  low  pressure  [4]. 

To  clarify  the  step  origin  at  high  pressure,  we  have  to 
examine  the  temporal  evolution  of  the  number  of 
electrons  released  at  the  cathode  by  field  effect  emission 
(fig.  3). 


Fig.  3.  density  of  secondary  electrons  released  at  the  cathode  by  field 
effect  versus  time. 
d=16mm;  R=0.074mm;  U=-4.25kV 
4>=4.5eV;  P*=120;  t=0.5mm 

From  t=0  to  -Ins,  the  effect  of  space  charge  is 
negligible  and  the  current  growth  is  due  to  electron 
multiplication  process.  At  the  end  of  this  phase,  space 
charge  effects  start  to  enhance  the  electric  field  near  the 
cathode.  Therefore,  electron  density  released  by  field 
effect  significatly  increases  and  the  current  is  enhanced 
at  the  same  time.  Consequently,  the  step  on  the  leading 
edge,  at  high  pressure,  can  be  explained  in  terms  of 
cathode  sheath  formation  leading  to  a  large  increase  of 
the  number  of  electrons  released  at  the  cathode  by  field 
emission. 

IV  -  Conclusion 

We  have  presented  a  numerical  simulation  of  a 
Trichel  pulse  in  air  at  atmospheric  pressure  in  good 
agreement  with  experimental  results.  This  simulation 
explains,  for  the  first  time,  the  fast  rise  time  of  the 
current  pulse  in  terms  of  field  effect  emission.  We  have 
demonstrated  the  negligible  role  of  secondary  emission 
at  high  pressure  in  comparison  with  field  effect 
emission.  The  step  on  the  leading  edge  of  the  Trichel 
pulse  can  be  explained  in  terms  of  a  large  increase  of  the 
number  of  electrons  releases  by  field  effect  due  to  a 
cathode  sheath  formation.  Moreover,  this  simulation 
allows  to  take  the  cathode  material  and  its  surfaee  state 
into  account. 
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1.  Introduction 

We  have  used  a  one-dimensional,  self-consistent  fluid 
model  of  glow  discharges  developed  previously  in  this 
laboratory  to  calculate  the  current-voltage  characteristic 
and  the  ion  density  distributions  in  the  cathode  region  of 
glow  discharges  in  gas  mixtures  of  Ar  and  Xe  and  for 
small  admixtures  of  Hg  in  Ar. 

2.  Description  of  the  model 

The  fluid  model  used  has  been  described  elsewhere  [1], 
and  only  a  brief  outline  is  given  here.  The  fundamental 
variables  are  the  electron  density,  two  positive  ion 
densities,  and  the  potential  distribution.  These  variables 
are  functions  of  space  (in  the  axial  direction)  and  of  time. 
The  charged  particles  densities  are  described  by  continuity 
equations  in  the  drift  diffusion  approximation,  and  the 
space  charge  electric  field  is  given  by  Poisson’s  equation. 
The  continuity  equations  are  discretized  using  the 
Scharfetter-Gummel  exponential  scheme.  The  coupled 
system  of  continuity  equations  and  Poisson’s  equation  are 
solved  simultaneously  using  an  implicit  integration 
technique.  The  charged  particle  diffusion  coefficients  and 
mobilities  as  well  as  the  ionization  source  term  are 
supposed  to  depend  on  E/p  (the  reduced  electric  field 
strength).  The  model  Includes  the  option'  of  using  a 
Monte  Carlo  simulation  to  determine  the  ionization 
source  term. 


E/p  (V/cm/torr) 


Figure  1:  ionization  coefficient  versus  E/p 

In  calculations  for  mixtures  of  Ar  and  Xe,  the  background 
gas  is  supposed  to  be  cold  and  unexcited.  The  ionization 
rate  coefficients  as  functions  of  E/p  are  calculated  for  each 
mixture  using  a  0-D  Boltzmann  solver  in  the  two  term 


approximation.  The  total  ionization  rate  coefficients  are 
shown  in  Fig.  1  as  function  of  E/p  for  pure  argon,  pure 
xenon,  and  for  10%  Xe  in  argon. 

Argon  metastable  atoms  are  included  in  the  calculations 
for  mixtures  of  Ar  and  Hg,  and  these  are  supposed  to  be 
produced  by  electron  impact  ionization  from  the  ground 
state  of  argon  atoms.  Penning  ionization  (with  a  rate  taken 
to  be  10'®  cm'\s'‘)  and  associative  ionization  (with  a  rate 
of  6.4  10''®  cm’^s  ')  are  included  as  loss  terms  fix 
metastables. 

3.  Results  of  our  model 

3.1  Mixtures  of  Ar  and  Xe 

The  calculated  steady-state  current-voltage  characteristics 
in  pure  argon,  in  pure  xenon,  and  in  a  mixture  of  10%  cf 
Xe  in  Ar  are  shown  in  Fig.  2.  At  fixed  voltage,  the  current 
density  decreases  when  xenon  is  introduced.  Donko  finds 
similar  results  for  mixtures  of  Xe  and  He  [2].  This 
characteristic  depends  on  the  ion  mobilities  and  on  the 
secondary  electron  emission  coefficients  y  due  to  cathode 
bombardment  by  the  respective  ions.  The  mobilities  cf 
singly  charged  positive  ions  in  their  parent  gas  are 
reasonably  well  known,  but  the  ion  mobilities  in  gas 
mixtures  must  usually  be  estimated  [3]. 


Figure  2:  Calculated  steady-state  current-voltage 
characteristics  in  argon,  in  xenon  and  in  a  mixture  of  ' 
10%Xe  in  Ar  (Pressure  =  ITorr,  4  cm  electrode  spacing) 

We  have  performed  parametric  calculations  to  estimate  the 
effect  of  the  uncertainty  in  the  values  of  y  and  the  ion 
mobilities  on  the  predicted  I-V  characteristic.  In  pure 
argon,  a  change  in  the  ion-induced  secondary  emission 
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coefficient  modifies  the  slope  of  the  characteristic.  (The 
slope  increases  with  increasing  y .) 

In  the  mixture  (10%  Xe  in  Ar),  a  relative  change  in  Xe* 
mobility  of  ±33%  leads  to  a  small  change  total  current 
density  (less  than  2%  over  the  range  of  conditions 
studied).  A  relative  increase  of  50%  in  the  secondary 
emission  coeflScient  due  to  Xe^  increases  the  total  current 
density  by  a  maximum  of  10%. 

The  calculated  Ar^  and  Xe^  ion  density  distributions  in 
the  discharge  are  shown  in  Fig.  3  along  with  the  field 
distribution  and  the  electron  density  for  one  point  along 
the  characteristic.  The  conditions  of  these  calculations  are: 
10%  Xe  in  Ar,  Xe*  mobility  equal  to  1500  cm^  torr/V/s, 
and  Ar*  mobility  equal  that  in  pure  Ar  [3].  The  secondary 
electron  emission  coefficients  are  taken  to  be  0.07  for  Ar* 
and  0.03  for  Xe*.  For  these  conditions,  the  Xe*  density 
in  the  cathode  fall  is  less  than  the  Ar*  density.  Xe*  is  the 
predominant  ion  in  the  cathode  fall  when  the  xenon 
concentration  increases  above  30%  for  otherwise  same 
conditions. 

As  mentioned  above,  the  ionization  coefficient  in  these 
calculations  was  supposed  to  be  a  function  of  the  local 
reduced  field  strength.  E/p.  The  charged  particle  densities 
in  the  plasma  are  thus  considerably  less  than  they  would 
be  if  the  ionization  source  term  were  determined  from  a 
Monte  Carlo  simulation.  Flowever,  the  ion  density 
distributions  in  the  cathode  region  and  the  components  rf 
the  current  density  at  the  cathode  are  not  much  affected  by 
the  local  field  approximation. 


Position  (cm) 


Figure  3:  Charged  particles  densities  and  the  magnitude  of 
electric  field  versus  position  between  electrodes  for  10% 
Xe  in  Ar  (Pressure  =  1  Torr,  Voltage  =  300  Volts) 

3.2  Small  concentrations  of  Hg  in  Ar 

The  steady-state  characteristic  and  the  components  of  the 
current  at  the  cathode  in  a  mixture  of  0.1%  Hg  in  Ar  are 
shown  in  fig.  4.  Penning  ionization  can  occur  in  Hg/Ar 
mixtures,  and  this  has  a  considerable  effect  on  the 
predicted  discharge  characteristics.  Associate  ionization  is 
not  very  important  for  these  conditions.  The  Hg+  current 
is  about  25®/o  of  the  total  current  at  the  cathode  at  200  V, 


and  this  fraction  decreases  slightly  with  increasing 
voltage. 


Applied  Voltage  (volts) 

Figure  4:  Steady-state  current-voltage  characteristic  and 
components  of  the  current  density  at  the  cathode 
(0.1  “/o  Hg  in  Ar,  10  torr,  0.3  cm  electrode  separation) 


4.  Conclusion 

We  have  presented  results  for  the  current-voltage 
characteristics  in  mixtures  of  Ar/Xe  and  Ar/Hg.  The 
purpose  of  these  calculations  was  to  quantify  the  relative 
contributions  of  each  ion  to  the  total  current  density  at  the 
cathode  and  to  evaluate  the  effect  of  uncertainties  in  the 
data  on  the  results  of  the  calculations.  This  work  is  a  step 
towards  the  development  of  a  self-consistent  model  rf 
cathode  sputtering  in  glow  discharges. 
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1.  Introduction 

High  Power  Microwave  pulses  can  have  destructive 
effects  on  solid-state  electronic  systems.  Information  on 
the  energy  and  the  peak  power  that  are  transmitted 
through  the  atmosphere  are  therefore  needed  in 
evaluating  the  threat  posed  by  microwave  pulses  on 
communication  equipment,  radar,  computers,  etc. 
Collisional  absorption  during  propagation  through  the 
atmosphere  has  been  described  by  Yee  et  al.  [1].  In  this 
paper  we  study  the  lowering  of  the  breakdown  threshold 
in  the  vicinity  of  a  conducting  object  at  low  altitudes. 
We  have  developed  a  three  dimensional  computer  code 
using  a  Finite  Volume  in  the  Temporal  Domain  method 
(FVTD)  in  an  unstructured  meshing.  In  this  model, 
electrons  are  treated  as  a  fluid,  and  the  avalanche  growth 
due  to  the  microwave  field  is  considered.  Maxwell 
equations  are  solved  together  with  the  electron 
continuity  equations  in  the  presence  of  a^  conducting 
sphere. 

2.  Description  of  the  model 

The  system  of  Maxwell  equations  and  electron 
continuity  equation  can  be  written  as  : 

H£)=-f  (1) 

-*  dE 

rot[B)^nJ  +  e,^l„—  (2) 

J  =  -ne(y)  (3) 

dn  ,  . 

^  =  «(v,-v„)  (4) 

(5) 

(1)  and  (2)  are  Maxwell’s  equations  were  E  is  the 
electric  field  and  B  is  the  magnetic  field.  (4)  and  (5)  are 
the  electron  transport  equations  coupled  to  Maxwell’s 
equations  through  equation  (3).  J  is  the  electron  current 
density,  n  the  electron  density,  V  the  drift  velocity. 

The  set  of  equations  (1-5)  has  been  closed  by  assuming 
that  the  electron-molecule  collision  frequencies 
(momentum,  attachment,  ionization)  depend  only  on  the 
local  reduced  electric  field  E/N  where  N  is  the  molecule 


density.  This  is  a  reasonable  assumption  at  sea  level 
since  the  wave  frequency  (in  the  GHz  range)  is  much 
smaller  than  the  collision  frequency.  The  ionization 
frequency  Vj,  attachment  frequency  Va  and  mobility 
are  therefore  supposed  to  depend  only  on  E/N. 

In  this  first  approach  we  also  assume  quasineutrality  of 
the  forming  plasma  and  we  neglect  diffusive  effects  (the 
diffusive  effects  combined  with  intense  ionization  can 
actually  lead  to  a  fast  expansion  of  the  plasma  [2],  [3]). 

3.  Numerical  Scheme 

We  have  used  a  Finite  Volume  in  the  Temporal  Domain 
method  to  solve  numerically  the  set  of  equation  (1-5). 
This  method  allows  to  take  into  account  a  scattering 
object  with  complex  geometry  [4], 


Maxwell’s  equations  are  written  in  the  form  : 


'e/ 

0 

'c^B/ 

’-j: 

Ey 

c^B^ 

0 

-Jy 

d 

E. 

d 

-c^By 

d 

d 

0 

-J^ 

dt 

cB, 

0 

cE, 

-CEy 

— 

0 

cB^ 

-c£. 

0 

cE, 

0 

cE, 

cEv 

.-^E, 

0 

0 

F  G  H 

where  F,G  and  H  are  fluxes  functions  in  the  x,  y  and  z 
directions. 

This  system  can  be  written  as  : 

—  +  div[F\G\H]U  ^I{U) 

where  U=(E„Ey,E^,cB„cB^^cBJ  is  the  cell  centered  state 
vector  and  I  a  source  term  depending  of  J. 

This  equation  is  integrated  over  the  tetrahedral  cell  of 
the  computational  domain,  and  solved  using  a  first  order 
in  time  (Euler)  and  in  space  (Godunov)  scheme. 

The  complete  system  (1-5)  is  solved  with  a  ‘flux 
splitting’  method.  It  consists  in  a  separate  resolution  of 
the  above  equation,  first  without  the  source  term,  which 
gives  an  intermediate  state  vector  U*,  and  then  with  the 
source  term  which  gives  the  state  vector  at  the  next 
time-step. 
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4.  Results 

When  a  High  Power  Mierowave  propagates  through  the 
atmosphere,  the  electric  field  of  the  wave  can  be  strong 
enough  to  generate  an  electron  avalanche  which  leads  to 
the  rapid  absorption  of  the  wave.  Below  a  critical 
electric  field  the  wave  can  propagate  without  noticeable 
absorption.  The  enhanced  field  in  the  vicinity  of  a 
conducting  object  can  lead  to  gas  breakdown  even 
though  the  field  of  the  incoming  wave  is  below  the 
breakdown  field.  The  results  below  illustrate  this  effect. 
We  consider  an  electromagnetic  plane  wave  propagating 
around  a  perfectly  conducting  sphere.  The  pulse 
duration  is  half  a  cycle  of  a  700  MHz  wave  (i.e.  0.7  ns). 
Figure  1  shows  the  scattering  of  the  wave  by  the 
conducting  sphere  in  vacuum,  i.e.  without  ionization 
effects.  Figure  2  shows  the  scattering  of  the  wave  in  the 
atmosphere  at  altitude  0  km.  The  initial  electric  field  is 
55%  of  the  theoretical  breakdown  threshold. 


(a)  (b) 


(c)  (d) 


Figure  I:  Scattering  of  a  High  Power  Microwave  pulse 
by  a  perfectly  conducting  sphere,  in  vacuum  (no 
ionization).  The  electric  field  is  parallel  to  the  (vertical) 
y  axis  and  propagates  along  the  (horizontal)  x  axis, 
from  right  to  left.  Its  modulus  is  represented  in  the  xy 
cut  plane  of  the  sphere  at  four  different  times  during 
propagation.  The  values  displayed  inside  the  sphere 
correspond  to  the  field  on  the  sphere  surface,  at  the 
same  xy  location. 

We  can  see  in  Fig.  1  the  perturbation  induced  on  the 
wave  propagation  by  the  presence  of  the  sphere.  In  Fig. 
Ic  the  electric  field  has  been  enhanced  around  the 
sphere  up  to  more  than  twice  its  initial  value.  One  can 
therefore  expect  to  have  gas  breakdown  under  the  same 
conditions  if  the  sphere  is  immersed  in  air  at 
atmospheric  pressure.  This  can  be  seen  in  Fig.  2  where 
ionization  and  plasma  formation  are  now  taken  into 
account.  The  field  distribution  is  clearly  different  from 
the  distribution  in  vacuum. 


(a)  (b) 


(c)  (d) 


Figure  2:  Scattering  of  a  High  Power  Microwave  by  a 
perfectly  conducting  sphere,  in  the  atmosphere.  The 
electric  field  is  represented  as  in  the  Fig  1. 

This  is  due  to  the  presence  of  the  plasma  at  the  location 
of  maximum  field  in  Figs  Ic  and  Id.  The  plasma  acts  as 
a  conductive  medium  and  the  electric  field  maxima  are 
now  located  further  away  from  the  sphere,  at  the 
interface  between  the  plasma  and  the  non  ionized  gas. 
This  leads  to  the  expansion  of  the  plasma  away  from 
the  sphere,  in  a  direction  parallel  to  the  electric  field. 

5.  Conclusion 

A  three  dimensional  model  has  been  developed  to 
simulate  the  interaction  of  a  High  Power  Microwave 
with  a  complex  object.  Breakdown  can  occur  in  these 
conditions  even  if  the  field  of  the  incoming  wave  is 
below  breakdown.  The  model  makes  possible 
quantitative  prediction  of  the  lowering  of  the  breakdown 
threshold  and  of  the  plasma  expansion  during  the  pulse. 
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Introduction  : 

Electron  Cyclotron  Resonance  Ion  Sources 
(ECRIS)  are  mirror  machines  which  can  deliver  large 
fluxes  of  highly  charged  ions  [1],  Their  performance 
depends  on  the  Electron  Distribution  Function  (EDF), 
wliich  has  been  shown  to  be  non  Maxwellian  [2,3],  A 
one-dimensional  Fokker-Planck  code  has  been 
developed  to  determine  this  EDF.  This  code  is 
described  in  this  paper  and  the  first  results  are 
presented. 

I  Basic  principles  of  ECRIS 

The  ECRIS  are  open-ended  magnetic  traps  that 
confine  a  hot  electron  plasma.  In  these  plasmas  (fig.  1), 
the  particles  are  trapped  by  the  magnetic  configuration: 
two  coils  (1,2)  produce  the  axial  field  and  a  multipole 
(3)  generates  the  radial  field.  The  combination  of  these 
two  components  leads  to  a  minimum-B  structure.  A  RF 
wave  is  injected  into  the  plasma  to  heat  the  electrons  by 
cyclotron  resonance.  The  energy  of  the  electrons 
determines  the  ionic  charge  obtained.  ■  since  the 
ionisation  potential  increases  with  it.  The  magnetic 
configuration  leads  to  a  closed  resonance  surface  (4), 
defined  by  co=cOc ,  with  co  the  RF  wave  frequency  and 
(Be  the  electron  cyclotron  frequency. 


n  The  model : 

The  evolution  of  the  EDF,  f(x,v,t)  depends  on 
various  phenomena  :  (i)  electron-electron  collisions 
tend  to  restore  a  Maxwellian  population 'and  electrons 
pitch  angle  scattering  on  other  electrons  and  ions 


induces  diSusion  into  the  loss  cone,  (ii)  the  RF  wave 
heats  the  electrons,  (iii)  inelastic  collisions  (ionisation) 
are  the  source  of  electrons  in  the  plasma.  Considering 
all  these  phenomena,  we  obtain  : 


^  ^^Goni.  ^^^coll.  ^^^R.F. 

Such  a  non-linear  integro-differential  equation 
is  difficult  to  solve.  Therefore  some  approximations  are 
made  :  we  assume  the  plasma  to  be  homogeneous  and 
that  is  possible  to  work  in  the  (v,p)  space  of  the 
midplane  with  |a  =  v//  /  v.  Fig.  2  shows  the  exact  loss 
cone  in  the  midplane  (dotted  line)  and  the 
approximation  made  in  the  code  (full  line). 


F  ■ 
1 

lire 

|Vl  V 

•PLC 

-1 

figure  2  :  domain  of  calculation 


This  domaih  of  calculation  separates  f  into  two 

populations  :  (i)  below  the  velocity  Vi  ,  Vj  =  , 

V 

the  electrons  are  electrostatically  confined  by  the 
plasma  potential  Vpi  ;  (ii)  beyond  that  velocity,  the 
electrons  can  leave  the  plasma  owing  to  pitch  angle 
scattering. 


The  ionisation  term  in  equation  (1)  is  an  integral 
function  of  the  EDF  and  depen(is  on  the  electron- 
impact  ionisation  cross-sections  given  by  W.  Lotz  [4]  : 

f?]  =  ZniJfeWc^i^i  +  lMv-dvrofv) 

where  no  is  the  density  of  neutral  particles,  n;  the 
density  of  ions  i+  and  ro(v)  a  function  normalised  such 

Vl 

that  47i|io(v)v^dv  =  1  because  the  electrons  are 
0 

assumed  to  be  created  with  an  energy  between  0  and 
the  plasma  potential. 
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The  collisions  are  modelled  by  the  Landau 
collision  operator  "[5],  by  considering  the  Rosenbluth 
potentials  [6]  as  isotropic.  As  these  potentials  still 
depend  on  the  EDF,  the  equation  (1)  remains  an 
integro-differential  equation. 

The  effect  of  the  RF  wave  on  the  electrons  may 
be  considered  as  a  diffusion  process  in  velocity  space. 
Considering  the  equation  of  motion,  quasilinear  theoiy 
[7]  leads  to  the  determination  of  two  diffusion 
coefficients  (2)  which  depend  on  v,  p  and  v®  the  phase 
velocity  of  the  wave  : 

D^=D(l-p^)  and  (2) 


where 


D  = 


K  eE 
(dcOg  /dz)LVnie, 


with  L  the  length  of  the  flux  line,  e,  me  the  charge  and 
mass  of  the  electron,  z  the  axis  parallel  to  the  magnetic 
field  Bo,  E  the  amplitude  of  the  electric  component  of 
the  RF  wave  and  adz)  the  cyclotron  frequency. 

The  diffusion  in  angle  (D^p)  becomes  important 
for  electrons  with  a  velocity  beyond  the  phase  velocity 
when  the  magnetic  component  of  the  wave  is  taken  into 
account. 


in  ID  code  : 

We  solve  two  one-dimensional  equations  by 
separating  the  variables  as  was  done  by  Killeen  [8]. 
The  angular  part  is  a  solution  of  the  Sturm-Liouville 
problem  and  the  module  part  is  solved  by  an  implicit 
finite  volumes  scheme.  The  integration  over  p  leads  to 
difiusion  terms  in  the  velocity  space  and  to  loss  terms 
which  are  due  to  the  collisional  and  RF  wave-induced 
pitch  angle  scattering. 

The  input  parameters  of  the  code  are  :  the  mirror 
ratio  R=  /  B,„;„  ,  the  neutral  density  no  ,  the 
difiusion  coefficient  D,  the  phase  velocity  of  the  wave 
Vo,  and  the  plasma  potential.  Fig.  3  shows  the  shape  of 
the  EDF  obtained  with  this  code,  using  typical  physical 
values  for  the  various  parameters,  compared  to  a 
Maxwellian  fiinction.  The  difference  between  the  two 
curves  is  induced  by  the  electron  cyclotron  heating 
which  overcomes  collisional  relaxation. 


A  study  of  the  evolution  of  f(v)  with  different 
parameters  has  begun  :  an  increase  of  the  mirror  ratio 
R  leads  to  an  increase  of  the  total  density,  since  the  loss 
cone  is  smaller  and  particles  with  greater  energies  can 
stay  in  the  plasma.  As  D,  i.e.  the  RF  wave  power,  is 
varied,  we  observe  variations  of  densities  in  the  two 
domains  :  the  greater  D,  the  greater  the  density  of  the 
domain  2  and  the  smaller  the  density  of  the  domain  1 
(fig.  4).  This  is  consistent  with  the  fact  that  the  RF 
Wave  heats  the  electrons.  However,  we  can  observe  a 
saturation  of  the  total  density  beyond  a  given  value  of 
D.  This  can  be  explained  by  a  reduction  of  the 
ionisation  term  as  the  number  of  electrons  capable  of 
ionising  decreases  when  heating  is  too  strong. 
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Figure  4  :  densities'  evolution. 


IV  Conclusions  : 


The  first  results  show  a  very  good  qualitative 
evolution  of  the  EDF  with  the  various  parameters. 
However,  some  quantitative  differences  between  the 
experimental  and  calculated  values  (electronic  density , 
electronic  current,  absorbed  power  and  energetic 
content)  still  remain  to  be  studied.  Moreover,  a  two 
dimensional  code  is  under  development  in  order  to 
have  a  better  treatment  of  the  loss  cone. 
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1.  Introduction 

The  copper  vapour  laser(CVL)  is  well  known  as  a  source  of 
high  average-power  (~1 0-1 00  W),  pulsed  radiation  (~50ns) 
in  the  visible  (510.6  &  578. 2nm)  operating  at  high 
repetition  frequency  (5-20kHz).  These  devices  are 
currently  used  for  a  wide  variety  of  scientific,  medical  and 
industrial  applications  including  micromachining. 
Numerical  modelling  of  the  plasma  kinetics  in  the  pulsed 
glow  discharge  (Cu-Ne),  including  the  laser  characteristics 
and  behaviour  of  the  external  circuit,  has  been  done 
previously  [  1  ] .  In  the  model,  the  discharge  parameters  were 
tanporally  and  radially  dependent  (transverse  to  applied 
electric  field),  but  were  assumed  longitudinal 
homogeneous.  The  evolution  of  the  plasma  near  the 
electrodes  was  not  described.  However,  it  remains  unclear 
whether  the  sheath  impedance  directory  influences  the 
discharge  current  during  excitation  pulse  thereby  reducing 
the  electric  field  in  the  main  Cu-Ne  plasma.  Experimental 
data  describing  influence  of  the  electrodes  and  the 
formation  of  the  electrode  sheaths  in  CVLs  is  very 
scarce[2].  However,  discharge  current  instabilities 
originating  at  the  cathode  are  known  to  degrade  laser 
performance  [3]. 

The  purpose  of  this  work  is  to  clarify  the  plasma  kinetics 
in  the  electrode  sheath  regions.  The  Propagator 
Method[4]  is  used  to  describe  electron  and  ion  behaviour 
under  non-equilibrium  conditions,  coupled  with 
Poisson’s  equation,  the  impedance  of  the  main  Cu-Ne 
plasma  and  extanal  circuit.  Time  variation  of  voltage, 
current  and  resistance  in  the  sheath,  spatio-temporal 
evolution  of  electric  field  and  electron  energy  and  angular 
distributions  are  shown  in  this  article.  Results  fiom 
Propagator  Method  are  also  compared  to  those  calculated 
assuming  the  local  field  approximation[5]. 

2.  Model  description 

A  one  dimensional  model  in  the  field  direction  is  used. 
The  main  Ne-Cu  plasma  is  assumed  to  be  a  fixed 
resistance  Rp  during  the  early  time  of  the  excitation  pulse 
(~50ns),  since  Rp  depends  on  the  conductivity  ofthemain 
plasma  which  increases  afra-  50ns[l].  Electrode  sheath 
r^ions  of  the  CVL  plasma  containing  pure  neon  are 
considered  as  a  discharge  space  with  parallel  electrodes, 
and  Rp  is  connected  to  the  discharge  space  in  series.  Figure 
1  shows  the  simplified  external  circuit,  which  is  basically 
similar  to  that  used  in  p^ierfl].  The  equivalent  circuit  of 
the  sheath  regions  is  assumed  to  consist  of  a  resistance  R* 
and  a  capacitor  C3.  Loop  currents  Ii,  I2  and  I3  and  voltages 
Vi,  Vz  and  V3  across  the  capacitors  Ci,  C2  and  C3 
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Figure  1.  Sinplified  external  circuit.  Ci=6.0nF,  C2=2.0nF, 
C3=8.0pF,Li=1.0tjH,L2=0.5[rH  and  Rp=20.0Q. 


respectively  are  calculated  from  following  circuit 
equations, 
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where  e  is  the  electronic  charge,  S  is  area  of  electrode,  d  is 
the  length  of  discharge  space  and  Ru,  is  the  thyratron 
resistance,  n*  and  Up  are  densities  of  electrons  and  ions 
respectively,  and  We  and  Wp  are  average  velodties  of 
elearons  and  ions  respectively.  The  densities  and  the 
average  velocities  are  given  as  a  function  of  both  position 
X  and  time  t,  where  x  is  the  position  in  the  field  direction. 
Poisson’ s  equation  represented  by  equation  (7)  is  used  fix 
the  electric  field. 

.  -  l/e[np(x,  t)  -  n^(x,  t)]  (7) 

T  o  describe  bdiaviour  of  electron  and  ion  in  the  sheath 
regions  accurately,  the  Propagator  Method(PM)[4]  is  used 
in  this  work,  sincePM  is  applicable  under  the  condition  at 
which  local  equilibrium  is  not  achieved.  The  behaviour  of 
the  particles  is  calculated  fiom  their  velocity  distributions, 
collision  cross  sections  between  the  particles  and  collision 
targets,  densities  of  the  particles  and  collision  targets  and 
given  electric  field 

The  velocity  distributions  of  electrons  and  ions  used  here 
have  60  mesh  points  fijr  energy  and  6  mesh  points  forpolar 
angle.  The  disdiarge  space(1.5mm  long)  is  divided  into 
300  slabs  and  the  velocity  distributions  are  defined  in  eadi 
of  the  slabs.  At  this  st^e,  momentum,  eight  kinds  of 
excitation  and  ionisation  collisions  between  electrons  and 
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Ne  atoms  and  momentum  collision  between  Ne  positive 
ions  and  Ne  atoms  are  considered.  Pressure  and 
temperature  of  neon  are  assumed  to  be  30Torr  and  1273K, 
respectively.  Also  electrodes  are  assumed  to  be  fiilly 
absorbing  wall  and  secondary  coeficient  due  ion 
bombardment  is  assumed  0.066[6]. 

3.  Simulation  results 

The  calculation  is  initiated  at  t=0  and  Vi=8800V. 
Electron  and  ion  are  parabolically  distributed  across  the 
discharge  space  in  the  field  direction  initially  and  their 
densities  are  10‘*m'’  at  the  centre  ofthe  space,  taking  into 
account  the  pre-pulse  condition[l].  Figure  2  shows  the 
time  variations  ofthe  voltage  across  the  capacitor  C3,  the 
current  I3  and  the  sheath  resistance  R*  It  is  found  that  both 
V3  and  I3  increase  after  10ns,  which  is  similar  to  the  time 
variations  ofVz  and  l2(not  shown).  However,  R,h  increases 
rapidly  and  has  a  tendency  to  saturate  after  25ns. 


Figure  3  shows  the  spatio-temporal  variations  of  electric 
field  in  the  discharge  space.  It  is  found  th^t  plasma  sheaths 
are  created  near  both  the  electrodes.  Since  the  electric  field 
applied  by  the  external  circuit  is  small  during  beginning  of 
the  excitation  pulse  and  space  diarge  due  to  electron 
difusion  is  dominant,  the  sheaths  at  both  electrodes  are 
initially  symmetrical.  Affo"  20ns,  the  voltage  applied  by 
the  external  circuit  begins  to  affect  electron  motion,  and  the 
formation  of  a  cathode  sheath  (cathode  is  at  x=1.5mm) 
towards  the  carter  with  increasing  of  electric  field, 
becomes  clear.  At  the  anode  (at  x=0mm),  the  electric  field 
reduces  gradually.  The  cathode  sheath  formation  process 
qualitatively  a^ees  with  that  shown  by  Morrow[5]. 
Figure  4  shows  the  electron  aietgy  and  angular 
distributions  in  the  cathode  sheath  r^ion  at  t=40ns 
together  with  that  at  the  centre  ofthe  discharge  space.  It  is 
seen  that  the  tails  of  energy  distributions  in  the  sheath  are 
spread  out  to  high  energy  region  and  angular  distributions 
in  sheath  are  shiffed  to  the  opposite  direction  ofthe  field 
due  to  the  large  sheath  electric  field.  It  is  found  that  each  of 
energy  distributions  (1),  (2)  and  (3)  in  the  cathode  sheath 
shows  different  shape  although  electric  field  at  these  points 
are  almost  same.  It  is  also  seen  the  energy  and  angular 
distributions  at  the  end  of  the  sheath  shown  in  (5)  are 
similar  to  those  at  the  centre  of  the  discharge  region  at 
which  electric  field  is  about  200  times  smaller  than  that  at 
x=1.28tnm. 


g 


Figure  3.  Spatio-temporal  distributions  of  electric  field. 
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Figure  4.  Electron  energy  ( - )  and  angular  ( - ) 

distributions  at  t=40ns.  Numbers  (1)~(5)  correspond  to 
those  in  figure  3.  (6)  is  at  the  centre  ofthe  discharge  space. 
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I .  Introduction  : 

Recently  many  works  have  been  devoted  to  the  self- 
consistent  determination  of  the  electric  field  in  a  low- 
pressure  stationary  glow  discharge.  In  some  works 
(Kolobov  and  Godyak  [1],  Boeuf  and  Pitchford  [2], 
1995),  simple  analytical  models  are  used  to  predict  the 
basic  properties  of  the  discharge.  These  studies  are  very 
interesting  as  they  are  able  to  predict  the  general 
tendency  of  the  discharge  (for  example  occurrence  of  a 
reverse  field  in  the  negative  glow).  However,  they  are 
not  able  to  give  accurate  quantitative  predictions  of  the 
discharge  characteristics.  To  enable  that,  pure  numerical 
methods  must  be  developed. 

The  first  numerical  model  of  a  low-pressure  glow 
discharge  was  made  solving  the  continuity  equations  for 
electrons  and  ions  coupled  to  the  Poisson  equation  and 
assuming  the  Local  Field  Approximation  (LFA)  (Ward 
[3]).  It  is  now  well  known  that  the  local  field 
approximation  is  not  valid  to  describe  a  low-pressure 
glow  discharge  and  that  a  more  sophisticated  approach 
(normally  a  microscopic  approach)  must  be  used. 

As  the  pure  microscopic  approach  would  be  too  time 
consuming,  many  people  have  used  approximate 
descriptions.  In  one  of  these  descriptions,  an  energy 
equation  is  added  to  the  continuity  and  to  the  momentum 
transfer  equations.  Most  of  the  macroscopic  parameters 
are  then  expressed  versus  the  mean  energy  of  charged 
particles  instead  of  versus  the  ratio  E/P  (E  electric  field, 
P  pressure  of  the  background  gas).  This  approach  was 
adopted  by  Bayle  [4]  and  a  detailed  analysis  can  be 
found  in  Gogolides  [5].  The  main  problem  in  this 
description  is  that  the  assumption  made  on  the  shape  of 
the  distribution  function  is  never  consistent  with  the  real 
shape  of  the  distribution  function  in  the  cathode  region 
of  the  glow  discharge.  It  follows  that  unpredictible 
errors  can  occur. 

To  overcome  this  drawback,  a  new  method  has  been 
developed  (Fiala  et  al  [6])  in  which  the  electron 
distribution  function  is  separated  into  a  ‘fast’  and  a 
‘slow’  component.  The  ‘slow’  component  is  assumed  to 
be  in  equilibrium  with  the  electric  field  and  can  thus  be 
treated  by  macroscopic  equations  within  the  LFA 
approximation.  The  motion  of  electrons  in  the  ‘fast’ 
component  is  determined  using  a  Monte  Carlo  method. 
With  this  description,  the  description  of  the  electron 
energy  distribution  in  the  cathode  region  of  the 
discharge  is  improved  and,  furthermore,  the  treatment  of 
two  dimensional  geometries  is  now  possible. 

However  this  description  may  fail  in  some  situations  in 


which  the  shape  of  the  distribution  function  is  strongly 
modified  due  to  the  occurrence  of  superelastic  collisions 
and  electron-electron  interactions.  In  this  case  a  purely 
microscopic  treatment  of  electron  motion  becomes 
necessary.  Hitchon  et  al  in  1994  [7]  carried  out  a 
complete  microscopic  description  of  a  glow  discharge 
using  the  so-called  convective  scheme  to  solve  the 
Boltzmann  equation.  They  showed  the  importance  of  the 
accurate  treatment  of  electron  scattering  in  inelastic 
collisions. 

To  improve  the  efficiency  of  the  microscopic  approach, 
some  simplifications  must  be  made  in  the  treatment  of 
the  Boltzmann  equation.  In  the  following,  we  will  show 
that  the  use  of  the  well  known  Two-Term 
Approximation  allows  accurate  treatment  of  a  normal 
glow  discharge. 

II  -  Description  of  the  model : 

Our  numerical  description  of  a  one-dimensional  glow 
discharge  (in  which  the  position  is  designated  by  z )  is 
based  on  the  following  equations 

^^  =  oiUz)  (1) 

ijz)=enjz)vjz)  (2) 

^=^(n.(z)-n(z))  (3) 

dz  e„ 

UzJ=yUzJ+j,  (4) 

In  these  equations,  jjz)  is  the  ion  or  electron  current 
density,  v^(z)is  the  mean  velocity  of  ions  or  electrons 
and  Oj/z)  their  respective  densities.  Furthermore,  e  is 
the  unit  charge  and  e„  is  the  permitivity  of  a  vacuum ; 
a  and  y  are  respeetively  the  first  ionisation  coefficient 
and  the  secondary  emission  coefficient.  Equation  (4)  is 
the  usual  boundary  condition  at  the  cathode  (located  at 
z^ ) ;  i,  is  the  initial  current  at  the  cathode.  It  can  be 
seen  that  knowing  of  7  .  the  product  z  p(pbeing  the 
gas  pressure)  and  the  total  current  J  /  p^  is  sufficient  to 
obtain  a  unique  solution  of  the  above  equations. 

These  expressions  constitute  a  set  of  non-linear 
equations  which  can  be  combined  to  give  the  following 
differential  equation  for  the  space  charge  electric  field 
(Druyvesteyn  [8]) : 

9  ,  vy_  d(E/p).  a  vy^  3(B/p)  e  J  S  ,  v  ^  a  v,v  (5) 

d(^)'v+v  d(2pj  '  pv+v  d(^)  d(2p)v^+v_'  PK+V'. 

With  the  appropriate  boundary  conditions  this  equation 
can  be  solved  iteratively  to  obtain  E. 

Equation  (6)  is  exact  if  the  values  of  vjz)  and  of  a  /  p 
are  known  exactly.  In  the  LFA,  these  parameters  are 
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obtained  from  equilibrium  values  calculated  for  example 
by  numerically  solving  the  Bolltzmann  equation. 
Accurate  treatment  can  been  made  by  solving  the 
Boltzmann  equation  in  energy  and  position  space.  In  this 
work  we  use  a  numerical  solution  of  the  Boltzmann 
equation  based  on  the  two-term  expansion 
Approximation,  the  equation  is  solved  in  a  new  space 
defined  by  the  position  z  and  the  total  energy  w  of  the 
electrons  (Winkler  [9]). 

It  is  then  possible  to  compare  the  results  obtained  using 
the  LFA  approximation  for  vjz)  and  a/p  together 
with  the  results  obtained  with  the  microscopic 
calculations. 

in  -  Results : 

Figure  1  gives  the  space  charge  electric  field  obtained 
using  the  LFA  and  the  solution  of  the  Boltzmann 
equation.  As  expected,  the  results  are  very  different, 
those  obtained  using  the  Boltzmann  equation  being  in 
agreement  with  the  experiment  of  Doughty  et  al  [10]. 
Furthermore,  they  are  consistent  with  the  results 
obtained  by  other  authors  taking  into  account  the  non¬ 
equilibrium  of  electrons. 


Fieure  I :  Helium,  j/p^=4.2  10'^  A  cm'^  Torr^,  p-3.5  Torr 
Self  consistent  electric  field  calculated  using  the  Ttwo  Tterm 
Approximation  and  the  LFA,  compared  to  experiment 

Obviously,  the  validity  of  these  numerical  calculations  is 
strongly  dependent  on  the  accuracy  of  the  Two-Term 
Approximation.  It  is  possible  to  check  this  accuracy  by 
comparing  for  example  the  ionisation  coefficient 
calculated  using  the  electric  field  given  in  figure  1  and 
corresponding  to  the  Two-Term  Approximation.  We  see 
that  some  difference  occur.  We  see  first  that  the 
ionisation  coefficients  calculated  assuming  isotropic 
collisions  are  slightly  different  in  the  case  of  Monte 
Carlo  calculations  and  in  the  case  of  the  Two-Term 
Approximation.  The  main  differences  occur  in  the 
region  where  a  is  maximum.  As  it  is  known  (Hitchon 

[7])  that  the  scattering  of  electrons  during  inelastic 
collisions  plays  an  important  role  on  the  determination 
of  the  electric  field,  we  made  some  MC  calculations 


Fieure  2  :  Helium,  j/p^=4.2  10'^  A  cm'^  Torr^,  p=3.5  Torr 
Comparison  between  various  ionisation  coefficients 

calculated  with  the  Monte  Carlo  method  and  Boltzmann 
equation  for  different  scattering  laws 

assuming  no  scattering  of  electrons  during  inelastic 
collisions.  We  see  in  figure  2  that  the  ionisation 
coefficient  is  strongly  dependent  on  the  scattering  law. 

rV  -  Conclusions  : 

The  above  results  indicate  that  the  Two-Term 
Approximation  method  employed  here  to  determine  the 
space  charge  electric  field  in  a  low-pressure  glow 
discharge  gives  very  interesting  results.  However,  it  is 
not  able  to  take  into  account  the  importance  of  collision 
anisotropy.  It  follows  that,  for  the  treatment  of  a  general 
glow  discharge,  the  Two-Term  Approximation  must  be 
used  to  treat  low  energy  electrons  (corresponding  to  low 
values  of  the  electric  field  and  of  w).  Monte  Carlo 
calculations  or  accurate  solutions  of  the  Boltzmann 
equation  must  be  used  for  the  highest  values  of  w  . 
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1.  Introduction 

In  magnetised  plasma  diagnostics  and  plasma 
processing  the  probes  are  often  recessed  into  the 
supporting  structure,  so  that  the  measurements  on  the 
probe  surfaces  are  affected  by  the  transmission 
coefficient  of  the  aperture.  This  coefficient  can  be 
evaluated  by  means  of  analytical  methods  when  the 
magnetic  field  is  perpendicular  to  the  probe  surface  [1]. 

In  this  paper  a  numerical  model  is  presented,  which 
accounts  for  any  angle  between  the  magnetic  field  and 
the  probe  and  also  for  particle  drifts  along  and  across  the 
magnetic  field  lines.  Single-particle  treatment  is  adopted 
while  the  influence  of  the  Debye  sheath  on  the  particle 
trajectory  is  neglected. 

This  model  provides  the  particle  impact  probability 
and  the  average  impact  energy  in  different  positions  on 
the  probe.  By  integrating  over  the  exposed  surface,  the 
transmission  coefficient  of  the  aperture  is  computed. 

The  model  has  been  applied  to  the  analysis  of  data 
obtained  in  the  Reversed  Field  Pinch  experiment  RFX, 
where  samples  have  been  exposed  to  different  angles 
with  respect  to  the  magnetic  field  and  in  presence  of  drift 
motions. 

2.  The  single-particle  model 

In  the  edge  region  of  the  RFX  experiment  for 
thermonuclear  fusion  studies  [2],  typical  electron 
temperature  and  density  are  of  the  order  of  10  eV  and 
lO'®  -  10^^  m'3  respectively,  giving  a  collisional  mean 
free  path  between  particles  larger  than  0. 1  m.  In  RFX  a 
sample-holder  is  used  housing  six  samples  in  apertures 
whose  width  is  10  mm  [3],  much  less  than  the  mean 
free  path.  Thus,  to  this  and  similar  situations  the  single¬ 
particle  approximation  can  be  applied. 

The  effects  of  the  Debye  sheath  have  been  neglected 
in  a  first  approximation,  assuming  that  the  sheath 
extension  (some  tens  of  microns)  is  much  smaller  than 
the  aperture  dimension. 

Under  these  hypotheses  a  numerical  model  has  been 
developed  in  which  the  geometry  of  the  probe  holder  is 
considered  for  the  RFX  case  (see  figure  1)  and  the 
equations  of  motion  for  the  particles  have  been  solved. 
In  the  schematic  geometry  of  the  model  one  single 
aperture  has  been  considered,  whose  details  are  shown  in 
fig.  1.  The  motion  along  the  y  axis,  perpendicular  to  the 
figure,  is  neglected  since  the  parameters  are  assumed  to 
be  constant  on  the  Larmor-radius  (tL)  scale.  The 
magnetic  field  is  directed  along  the  z  axis;  the  a  angle 
between  the  magnetic  field  and  the  normal  to  the  probe 
surface  can  be  varied.  The  slit  of  infinite  length  is 
characterised  by  its  thickness  h  and  width  1.  In  the  (x,z) 
co-ordinate  system  the  motion  is  described  by  the 
following  equations:  i 


x  =  xq  +  rL  cos((p  -t-  x)  -I-  rL  — 

(1) 

V//  vjz 

z  =  zo+rL - X-l-rL-S^X 

v_L  v_L 

where  xq  and  zq  are  the  initial  positions,  (p  is  the  initial 
phase,  V//  =  (kT///m)'^2  and  Vj^  =  (2kTx/m)^^^,  vjx  and 
Vcjz  are  the  components  of  the  drift  velocity  and  x  is  the 
dimensionless  product  of  time  and  cyclotron  frequency. 


Fig.  1 :  Scheme  of  the  sample-holder. 


The  particles  start  from  a  planar  grid  which  is 
perpendicular  to  the  motion  of  their  gyration  centres  and 
is  located  at  a  distance  from  the  sample-holder  larger 
than  one  pitch  of  the  Larmor  orbit.  The  global  grid 
width  equals  the  sum  of  the  slit  width,  as  seen  from  the 
starting  angle,  and  two  Larmor  radii;  it  is  divided  into  N 
equal  cells  each  containing  M  particles  whose  initial 
phases  are  equispaced.  Also  the  probe  surface  is  divided 
into  intervals. 

The  impact  probability  of  the  particles  over  the 
sample  surface  for  each  grid  cell  is  defined  as  the  ratio 
between  the  number  of  particles  hitting  the  sample  and 
M.  The  width  of  each  cell  is  weighed  with  its  impact 
probability;  the  weighed  sum  of  the  width,  divided  by 
the  slit  width,  gives  the  transmission  coefficient. 

The  model  has  been  implemented  in  a  code  whose 
results  have  been  tested  using  the  analytical  solution  [1] 
with  a  =  180°  (magnetic  field  perpendicular  to  the 
sample  surface)  and  with  no  drift.  By  varying  the 
parameters  N  and  M,  a  compromise  between  computing 
time  and  accuracy  of  the  results  has  been  attained. 
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Choosing  N  =  100  and  M  =  100,  the  achieved  accuracy 
is  better  than  1%. 

It  has  been  found  that  the  effect  of  a  maxwellian 
velocity  distribution  function  can  be  well  represented  by 
a  set  of  monoenergetic  particles  having  the  characteristic 
energy  of  the  maxwellian  distribution. 

3.  Results  and  applications 

The  model  has  been  applied  to  the  case  of  carbon 
impurities  in  the  edge  plasma  of  the  RFX  experiment. 
The  sample-holder  presently  used  is  a  graphite  cylinder 
with  50  mm  diameter  and  6  lateral  apertures  [3]. 

With  kT//  =  kTx  =  10  eV,  h  =  2.2  mm,  1  = 
10  mm,  B  =  0.2  T,  a  unidirectional  flow  of  singly- 
ionised  carbon  gives  the  pattern  shown  in  fig.  2  for  the 
case  of  no  drift.  The  average  energy  deposited  over  the 
sample  surface  varies  as  a  function  of  the  angle  a.  This 
result  suggests  that  care  is  to  be  taken  when  the 
impinging  energy  is  to  be  deduced  from  the  ion 
implantation  depth,  although  no  sheath  effects  are  taken 
into  account. 


Fig.  2:  Impact  energy  as  a  function  of  the  angle  a. 

When  the  angle  a  is  varied  the  polar  patterns 
shown  in  figure  3  are  obtained  for  the  transmission 
coefficient  of  the  central  sample  interval,  as  this  is  the 
position  where  the  measurement  is  performed.  It  is 
worth  noting  that  the  coefficient  is  larger  than  1  due  to 
the  assumption  of  equiprobability  for  the  particles  to 
come  from  both  sides  along  the  magnetic  field.  When 
no  drift  is  present,  the  transmission  coefficient  is 
symmetric  relative  to  the  magnetic  field  direction,  along 
which  it  possesses  two  maxima.  With  a  perpendicular 
drift  velocity  (vj^  =10  km/s),  the  maxima  tend  to 
overlap  in  the  direction  perpendicular  to  the  magnetic 
field;  relative  to  this  direction,  the  transmission 
coefficient  is  symmetric.  A  parallel  drift  destroys  such  a 
symmetry  and  shifts  the  angular  position  of  the 
resulting  maximum. 

Silicon  samples  were  exposed  to  RFX  plasmas  and 
the  deposited  concentration  of  carbon  was  derived  by 
means  of  the  ^2c(d,p)13c  nuclear  reaction  [4]  with  the 
aim  of  studying  impurity  flow  at  the  edge  region  of  the 
experiment.  The  normalised  areal  density  of  the  six 
samples  is  plotted  in  fig.  4.  By  repeatedly  running  the 
code,  the  optimum  set  of  parameters  has  been  deduced, 
accounting  for  the  angular  dependence'  of  the  drift 


motion  shown  by  the  data.  For  the  experimental  data  of 
fig.  4,  it  corresponds  to  a  perpendicular  drift  velocity, 
Vdx,  of  8  km/s  and  a  parallel  drift  velocity,  vj^,  of 
-4  km/s.  These  results  are  consistent  with  independent 
measurements  obtained  in  analogous  conditions  by 
applying  different  measurement  techniques  [5]. 

The  numerical  model  presented  above  can  be  easily 
modified  to  reproduce  even  more  complicated  geometries 
and  three-dimensional  problems.  It  represents  a  useful 
tool  in  the  interpretation  of  results  from  probes  recessed  ■ 
into  apertures  [6]. 


90 


Fig.  3:  Transmission  coefficient  in  various  conditions. 


270 

Fig.  4:  Comparison  of  the  single-particle  model  with 
experimental  data. 
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Particle-in-cell  Monte  Carlo  code  has  been  used  to  simulate  the  DC  discharge  in  strongly  inho¬ 
mogeneous  cylindrical  and  spherical  electric  fields.  Such  a  discharge  occurs  in  gaseous  medium 
between  a  thin  wire  and  coaxial  cylinder,  or  between  sharp  tip  and  sphere  at  high  voltage.  The 
discharge  threshold  conditions  has  been  specified  and  corresponding  threshold  voltage  (thresh¬ 
old  electric  field  intensity)  has  been  determined  numerically.  The  threshold  voltage  varies  with 
the  electrode  geometry,  the  polarity  of  active  electrodes,  gas  composition  (H,  Ar,  N2j  and  gas 
pressure.  In  case  of  positively  charged  inner  electrode,  a  thin  boundary  sheet  is  developed  in 
the  vicinity  of  the  electrode,  when  the  quasineutrality  of  ionized  gas  is  violated  and  the  electron 
current  is  closed  via  external  RLC  circuit.  In  the  opposite  case  of  negatively  charged  inner 
electrode,  a  double  layer  is  developed  inside  ionized  gas. 


Numerical  Codes 


Table  1:  BREAKDOWN  VOLTAGE 


The  codes  PDCl  and  PDSl  has  been 
used  to  simulate  the  discharge  between  a  thin 
wire  and  coaxial  electrode  and  between  sharp 
tip  and  sphere.  The  codes  are  electrostatic, 
many  charged  particle  simulations,  with  par¬ 
ticle  displacements  in  one  dimension  and  three 
velocity  components  in  own  and  external  elec¬ 
tric  fields  [1].  Monte  Carlo  simulation  of  col¬ 
lision  processes  has  been  added,  including 
ionization,  excitation,  charge  exchange,  and 
elastic  scattering.  Initial  conditions  include 
uniform  density  thermal  drifting  electron  and 
ion  species.  The  distribution  of  free  electrons 
and  ions  conforms  the  cjuasineutrality  condi¬ 
tion.  The  neutral  gas  has  been  characterized 
by  its  temperature  and  pressure.  Boundary 
conditions  include  an  external  series  RLC  cir¬ 
cuit  with  time-dependent  voltage  source.  In 
our  case,  the  applied  voltage  ramped  to  its 
final  DC  value  sinusoidally  with  rise  time 
T  =  2  X  10~®  s.  The  secondary  electron  emis¬ 
sion  due  to  ion  electrode  bombardment  was 
taken  into  account. 

Breakdown  Conditions 


7 

intersection 

point 

Ub 

Volt 

0.00035 

0.225 

650.0 

0.001 

0.257 

495.5 

0.005 

0.310 

340.5 

0.01 

0.340 

283.1 

0.05 

0.435 

172.9 

written  as 

r^2  -Bp  ,  1  -p  7 

/  pAe  E  dr  =  ln{ - )  ,  (1) 

Jri  7 

where  A,  B  ~  AV,  are  parameters  depend¬ 
ing  on  gas  temperature  and  V\  is  the  first 
ionization  potential  of  the  atom.  The  elec¬ 
tric  field  in  radial  direction  can  be  written  as 
Ep  =  ,  where  Ei  is  the  electric  field 

intensity  at  inner  electrode.  In  the  cylindri¬ 
cal  case  (n  =  1),  the  integration  leads  to  a 
simple  formula  for  the  breakdown  voltage 


f/b  = 


Bpriln{\  -f  6) 


In 


Apr,  S 
ln(l+l/-y) 


(2) 


The  breakdown  condition  for  the  discharge 
in  inhomogeneous  electric  fields  [2]  can  be 


In  the  spherical  case  (n  =  2),  the  breakdown 
voltage  is  determined  solving  transcendent 


1 
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equation 

{^>[(1  +  S)qri]  -  $[gri]}  =  /n(l-t-l/7)  , 

where  $(^r)  =  2qf\/Tr  Jq  ^^dr'  ,  and  the 
quantity  q  =  Some  results  of 

this  calculation  are  summarized  in  Tab.  1. 
The  following  parameters  for  Ar  gas  were 
used  :  p  =  4  torr,  Vi  =  15, 7  V,  A  =  14 
ionizations/cm-torr,  B  =  180  V/cm-torr  and 
geometrical  factor:  6  =  =  10  . 

Numerical  Simulation 

Breakdown  Potential  in  Spherical 
Geometry 

The  simulations  of  the  discharge  ignition 
between  sharp  tip  (rq  =  0.5  mm),  and  sphere 
(jq  =  5.5  mm)  have  been  performed  for  argon 
gas  at  various  pressures  p  =  (0.5  4- 100)  torr. 
The  breakdown  potential  Uh  has  been  de¬ 
termined  (see  Fig.  1)  for  both  polarity  elec¬ 
trode.  The  discharge  is  easily  burned  up 
when  the  inner  electrode  is  anode. 


Figure  1:  The  dependence  of  breakdown  po¬ 
tential  f'^b  on  p  X  A/?  for  Ar  gas,  7  <  0.001. 


Double  Layer  Creation  in 
Cylindrical  Geometry 
(hydrogen,  p  =  100  torr,  Ai?  =  5  mni) 

a)  Wire  anode 

The  head  of  electron  avalanche  is  created 
closed  to  the  anode  surface.  The  avalanche 
dimension  is  k,  1/10  of  spacing  of  electrodes. 
The  rest  of  the  discharge  contains  less  ener¬ 
getic  electrons  (and  ions)  with  smaller  den¬ 
sity  than  in  the  avalanche  region. 


Figure  2:  Radial  dependence  of  space  charge 
and  particle  densities  when  DL  is  created. 

b)  Wire  cathode 

The  electron  avalanche  is  developed  c[uickly 
(Lv  =  9.5  X  10“^°  s),  being  followed  by  the 
electron  (ion)  ensemble  rearrangement.  The 
electrostatic  double  layer  (DL)  between  the 
wire  and  the  cylinder  is  formed  (see  Fig.  2). 
The  external  electric  field  is  disturbed  here 
by  the  space  charge.  The  dimension  of  DL  is 
«  1/5  of  the  discharge  volume  and  the  center 
of  DL  (p  w  0)  lies  at  the  distance  2.3  x  ri. 
The  positively  charged  part  of  DL  lies  near 
the  wire  while  the  negatively  charged  part 
next  to  the  cylinder  (see  Fig.  2).  The  rest 
part  of  discharge  volume  outside  the  DL  and 
cylinder  is  filled  by  electrons  and  ions  and 
plays  a  role  of  a  reservoir  of  charged  par¬ 
ticles  . 
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1.  Introduction 

The  cathode  region  of  low  pressure  glow  discharges 
is  of  particular  interest  in  various  technological  ap¬ 
plications  as  well  as  in  the  understanding  of  the  non¬ 
equilibrium  behaviour  of  the  electrons.  This  region 
is  usually  divided  into  the  cathode  fall  and  the  neg¬ 
ative  glow  with  a  less  pronounced  boundary  between 
them.  Large  electric  fields  and  high  energy  electrons 
of  low  density  are  found  in  the  cathode  fall  however 
small  electric  fields  and  low  energy  electrons  of  high 
density  in  the  negative  glow.  The  distinctly  non¬ 
hydrodynamic  behaviour  of  the  electrons  in  the  cath¬ 
ode  region  is  mainly  caused  by  the  large  electric  field 
close  to  the  cathode  and  its  strong  decrease  down 
to  a  low  value  in  the  negative  glow  with  increas¬ 
ing  distance  from  the  cathode.  As  a  consequence 
the  spatial  evolution  of  the  kinetic  properties  of  the 
electrons  undergoes  a  drastic  change  from  an  electric 
field  dominated  behaviour  in  the  cathode  fall  to  a 
collsion  dominated  behaviour  in  the  negative  glow. 
These  are  the  main  reasons  which  make  the  kinetic 
analysis  of  the  electron  behaviour  in  the  cathode  re¬ 
gion  complicated  and  laborious.  To  study  this  prob¬ 
lem  apart  from  basically  simplified  analytical  invest¬ 
igations  either  particle  simulation  methods  as  Monte 
Carlo  and  Convective  Scheme  techniques  or  solution 
approaches  of  the  full  Boltzmann  equation'  have  been 
used.  However  these  techniques  are  often  limited  by 
a  low  energy  resolution  and  large  computational  ex¬ 
penditures. 

It  is  the  objective  of  this  contribution  to  demonstrate 
that  the  multi-term  approach  recently  developed  in 
[1]  to  solve  the  space-dependent  electron  Boltzmann 
equation  can  be  adapted  to  determine  the  energy 
distribution  and  the  important  macroscopic  quant¬ 
ities  of  the  electrons  in  the  cathode  region.  It  is 
shown  that  even  under  the  difficult  conditions  in  the 
cathode  region  an  efficient  determination  of  signific¬ 
ant  components  of  the  velocity  distribution  and  of 
related  macroscopic  quantities  of  the  electrons  be¬ 
comes  possible  by  the  multi-term  approach  with  a 
good  energy  resolution  and  with  relatively  less  com¬ 
putational  expenditure. 

2.  Main  Aspects  of  the  Approach 

When  considering  a  plane  cathode  perpendicular 
to  the  spatial  direction  along  which  the  elec¬ 
tric  field  E{z)  =  E{z)ez  acts,  the  space-dependent 
velocity  distribution  function  of  the  electrons  be¬ 
comes  rotationally  symmetric  around  and  can 
be  given  the  multi-term  expansion  F{U,Vzlv,z)  = 


i27r{2/m)^/^y^  f{U,z)Pk{vz/v)  in  Legendre 
polynomials  Pkivz/v)  with  U  —  mv‘^/2,  Vz  and  v  = 
jvl  being  the  kinetic  energy,  the  ^-component  and  the 
magnitude  of  the  velocity  v.  The  lowest  two  coeffi¬ 
cients  f°{U,  z)  and  f'^{U,z)oi  this  n-term  expansion, 
i.e.  the  isotropic  (or  energy)  distribution  and  the 
first  anisotropy  component,  determine  by  appropri¬ 
ate  energy  space  averaging  over  these  coefficients  the 
most  important  macroscopic  electron  quantities,  as 
the  electron  density,  mean  energy,  particle  and  en¬ 
ergy  current  density,  mean  collision  frequencies  and 
energy  gain  and  loss  rates.  The  kinetics  of  the  elec¬ 
trons  in  the  cathode  region  is  studied  by  the  space- 
dependent  electron  Boltzmann  equation  with  the  in¬ 
clusion  of  the  electric  field  action  and  of  elastic,  ex¬ 
citing  and  ionizing  electron  collisions  with  the  gas 
atoms.  The  substituion  of  the  n-term  expansion  of 
the  velocity  distribution  into  such  kinetic  equation  fi¬ 
nally  leads  to  a  system  of  n  partial  differential  equa¬ 
tions  for  the  expansion  coefficients  /*'([/,  x).  This 
system  describes  the  evolution  of  these  coefficients 
and  thus  of  the  velocity  distribution  in  dependence 
on  the  kinetic  energy  U  and  the  space  coordinate  z. 
An  examination  of  this  system  makes  evident  that  in 
the  k-th  equation  of  the  system  with  0  <  fc  <  n  -  1 
only  the  three  consecutive  coefficients  and 

occur,  however  in  the  lowest  and  the  last  equa¬ 
tion  of  the  system  only  the  two  coefficients  /°,  and 
respectively  are  included.  Due  to  this 
coupling  of  neighbouring  coefficients  only  and  the  or¬ 
thogonality  of  the  Legendre  polynomials  it  should  be 
expected  that  with  increasing  approximation  order 
n  the  higher  expansion  coefficients  have  a  decreasing 
impact  on  the  lowest  and  particularly  on  the  lowest 
two  coefficients  f°  and  p.  Therefore  a  sufficiently 
rapid  convergence  of  the  lowest  two  coefficients  and 
thus  of  the  related  macroscopic  quantities  should  oc¬ 
cur  despite  the  fact  that  the  strong  and  rapid  change 
of  the  electric  field  near  the  cathode  establishes  a  dis¬ 
tinct  anisotropy  in  the  velocity  distribution.  Follow¬ 
ing  this  idea  the  mentioned  system  of  partial  differen¬ 
tial  equations  has  been  numerically  solved  as  initial 
boundary  value  problem  for  various  approximation 
orders  n  using  appropriate  initial  and  boundary  con¬ 
ditions  for  the  expansion  coefficients.  Even  under 
the  difficult  conditions  with  respect  to  the  electric 
field  in  the  cathode  region  a  sufficiently  fast  conver¬ 
gence  of  the  lowest  two  expansion  coefficients  and 
thus  of  the  related  macroscopic  electron  properties 
has  been  found  by  using  the  multi-term  solution  ap¬ 
proach  of  the  space-dependent  electron  kinetic  equa¬ 
tion  for  typical  spatial  courses  of  the  electric  field. 
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3.  Results  and  Discussion 

To  illustrate  the  possibilities  of  the  multi-term  ap¬ 
proach  for  conditions  occurring  in  the  cathode  re¬ 
gion,  a  helium  glow  discharge  with  a  pressure  of  3.5 
Torr  and  a  current  density  j  of  0.519  mA/cm^  is  con¬ 
sidered.  For  these  discharge  conditions  the  course  of 
the  electric  field  E{z)  in  the  cathode  region,  taken 
from  corresponding  measurements  in  [2],  and  the  re¬ 
lated  potential  energy  W{z)  =  -  E(z')dz'(—eo) 

are  shown  in  Fig.  1.  For  the  negative  glow  at 
z  >  0.3  cm  a  space-independent  field  strength  of  -2 
V/cm  has  been  chosen.  The  electron  particle  cur¬ 
rent  density  jz(z)  =  {2/m,)^^^  U f^{U,z)dU/3  in 
the  cathode  region,  which  is  determined  by  the  first 
anisotropy  component,  has  been  fixed  at  the  cath¬ 
ode  surface  z  =  0  by  a  Gaussian-like  boundary  value 
for  f^{U,z  =  0)  with  its  maximum  at  10  eV  and 
with  a  width  of  5  eV.  The  secondary  electron  emis¬ 
sion  due  to  ion  bombardment  at  the  cathode  has 
been  described  by  an  emission  coefficient  of  7  =  0.3. 


z  (cm) 


By  using  the  multi-term  approach  the  space- 
dependent  electron  Boltzmann  equation  has  been 
solved  in  various  approximation  orders  n.  To  illus¬ 
trate  the  convergence  behaviour  with  increasing  ap¬ 
proximation  order.  Fig.  2  shows  as  a  function  of  the 
electron  energy  at  some  positions  in  the  cathode  fall 
and  negative  glow  the  ratio  of  the  isotropic  distri¬ 
bution  obtained  by  a  n-term  to  that  obtained  by  a 
10-term  approximation  for  the  case  of  isotropic  scat¬ 
tering  in  elastic  and  inelastic  collisions.  Large  devi¬ 
ations  between  the  2-term  and  the  10-term  course  of 
the  isotropic  distribution  at  all  space  positions  can  be 
observed  from  this  figure.  However  when  increasing 
the  approximation  order  of  the  multi-term  approach 
a  rapid  convergence  of  the  isotropic  distribution  in 
the  entire  energy  space  and  for  all  space  positions 
can  be  clearly  seen.  A  similar  behaviour  as  that  of 
the  isotropic  distribution  has  been  obtained  for  the 
lowest  anisotropy  component  f^{U,z).  It  has  been 
found  that  sufficiently  convergent  results  for  the  low¬ 
est  two  expansion  coefficients  and  and  thus  for 
the  related  macroscopic  properties  of  the  electrons 
can  be  obtained  when  solving  the  kinetic  equation  in 
an  approximation  order  with  about  ten  jterms.  The 
corresponding  evolution  of  the  convergent  isotropic 
distribution  in  dependence  on  the  electron  energy 


U  for  the  entire  cathode  region  is  shown  in  Fig.  3. 


This  figure  clearly  demonstrates  the  pronouncedly 
non-hydrodynamic  evolution  of  the  isotropic  dis¬ 
tribution  with  increasing  distance  from  the  cath¬ 
ode,  i.e.  the  rapid  gain  of  almost  the  whole 
potential  energy  W  (z)  of  the  electric  field  by 
the  electrons  in  the  cathode  fall  and  their  pro¬ 
nounced  relaxation  by  collisions  in  the  negative  glow. 
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High  -  energy  beam  of  charged  particles  have  many 
applications  in  various  branches  of  science  and 
industry  and  there  are  usually  irsed  rather  den  dense 
beams  of  positive  or  (less  often)  negative  ions 
accelerated  in  strong  electrostatic  fields.  A  particle 
source  is  usually  gas-discharge  plasma.  At  the 
accelerator  outlet  the  space  charge  of  the  beam  is 
neutralized.This  paper  is  dedicated  to  imitation 
(mathematical)  modeling  of  the  charged  particle 
beams  formation  and  acceleration  in  electrostatic 
fields.  However,  when  studying  the  lOS  operation 
one  should  take  into  accoimt  the  following  features; 
For  the  first,  ion  beams  have  high  density  and  low 
velocities  that  requires  taking  into  account  the  beam 
qiace  charge  effect  when  definig  the  electrostatic 
forming  and  accelerating  field  configuration.  For  the 
second,  the  gas-dischrge  plasma  used  as  emitter  and 
collector  of  the  particles  makes  the  boundaries  of  the 
beam  acceleration  zone  vague,  so  that  they  have  to 
be  defined  via  modeling. 

For  the  third,  the  field-forming  electrodes  are 
bombarded  by  secondary  particles  which  come  from 
the  acceleration  chaimel  and  neutralization  plasma, 
and  thus,  the  electrodes  may  change  their  shape 
during  operation.  This,  in  turn,  changes 
configuration  of  the  forming  and  accelerating  field. 
Mathematical  model  of  lOS  comprises  a  rather 
typical  equation  system  which  desaibes,  charged 
particle  motion  in  electrostatic  field  (Poison 
equation,  equation  of  motion  and  continuity 
equation). 

The  equation  incorporate  members  accounting  the 
secondary  particles  bom  in  the  acceleration  channel 
as  a  result  of  interactions  between  the  beam  ions 
themselves  and  between  the  beam  ions  and 
neutralsa.  Besides,  the  mathematical  model  has  to 
have  a  condition  which  would  define  location  of  the 
gas-discharge  plasma  and  neutralization  plasma 
boimdaries.  It  may  be  specified  in  various  forms. 

This  paper  considers  that  the  boundary  location 
plasma  m^scus)  is  defined  by  equihbrium  of 
plasma  kinetic  pressure  and  electrostatic  field 
pressure: 

E2/(8-;7r)=Ane-k-Te 

Where  coefficient  A  characterizes  length  of  the 
integration  base  for  firrite-difference  approximation. 
For  the  calculation  we  used  the  Monte-Carlo 
method.  To  define  the  initial  beam  (when  the 
boimdaries  are  fixed),  there  was  calculated  a  set  of 
random  trajectories  of  ions.  Since  the  space  clmge  of 
the  beam  as  well  as  the  forming  field  both  depend  on 
the  beam  configuration,  tlie  calculation  was 


performed  by  an  iterative  method  (inner  iterative 
loop). 

Some  results  of  calculation  are  showed  on  figures. 
Fig.l  shows  possible  changes  of  the  primary  beam 
configuration  associated  with  gas  discharge  plasma 
oscillations. 


Figl.  Modeling  trajectories  of  primary  particles 
in  lOS. 

The  same  concept  is  used  to  calculate  the  trajectories 
of  the  secondary  ions  (Fig.l).  To  define  the  ion  birth 
points,  the  distribution  of  initial  beam  ions  and  the 
background  neutral  atoms  was  taken  into  account. 
The  impact  of  the  secondary  atoms  on  to  the  lOS 
electrostatic  field  could  be  neglected.  Once  the  beam 
configurations  is  calculated,  the  location  of  the 
acceleration  zone  boundaries  could  be  checked  and 
corrected.  This  generates  the  second  (outer)  iter  ative 
loop.  Secondary  particle  flux  fall  out  on  to  the  lOS 
electrodes,  change  their  shape,  and  thus,  change 
configuration  of  the  forming  and  accelerating  field. 
Therefore,  the  second  large  block  of  the  model  is  the 
electrode  erosion  calculation  based  on  finite- 
dilfa:cnce  intopretation  ofther  electrode  surfaces 
and  the  system  operating  time. 


in  lOS. 

This  paper  shows  the  solutions  of  some  methodical 
and  practical  problems.  The  results  obtained  could 
be  used  for  studying  the  charged  particle  beams  as 
well  as  designing  the  devices  with  such  beams. 
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11-130 

Petrovic  Z.Lj. 

1-34 

1-98 

11-44 

11-46 

IV-42 

IV- 178 

Peyrous  R. 

1-268 

III-84 

IV- 180 

Pfau  S. 

11-38 

11-40 

Phelps  A.V. 

11-48 

Piejak  R. 

IV-76 

Pierre  Th. 

11-164 

11-170 

Pierson  J.F. 

IV- 198 

Pignolet  P. 

11-42 

Pinheiro  M.J. 

IV-232 

1-124 

Pintassilgo  C.D. 

1-102 

Pitchford  L.C. 

I- 100 

11-56 

11-252 

III-42 

III-70 

III-86 

Placinta  G. 

IV-242 

Pogora  V. 

11-138 

Pointu  A.M. 

11-50 

11-52 

Pokrzywka  B. 

11-122 
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Ponomarev  N.S. 

1-36 

11-54 

Popa  G. 

11-66 

IV-242 

Popescu  A. 

11-118 

11-188 

Popescu  LI. 

11-50 

11-52 

Popov  A.M. 

11-28 

Popov  N.A. 

1-88 

Poppe  F. 

III-38 

Porokhova  I.  A. 

II-4 

II-6 

11-62 

Porras  D. 

III-60 

Postel  C. 

1-270 

Potanin  E.P. 

IV- 106 

Potapkin  B.V. 

IV-224 

Pousse  J. 

11-126 

Pouvesle  J.M. 

III-30 

III-32 

III-44 

Praessler  F. 

1-146 

Prazeller  P. 

1-260 

Proshina  O.V. 

1-88 

11-234 

Protuc  I. 

n-138 

Proulx  P. 

11-206 

Puech  V. 

1-270 

Punset  C. 

III-42 

Purwins  H.G. 

11-182 

R 

Rabehi  A. 

IV-44 

Rahal  H. 

1-22 

Rahel  J. 

IV-250 

Rakhimov  A.T. 

1-86 

1-88 

Rakhimov  A.T. 

11-28 

11-234 

III-40 

Rakhimova  T.V. 

1-86 

1-88 

1-182 

11-28 

11-234 

III-40 

Ravary  B. 

11-124 

Raynaud  P. 

1-148 

III-74 

Razafinimanana  M. 

11-88 

11-120 

11-126 

11-136 

Redon  R. 

IV-116 

Reess  T. 

11-250 

Remscheid  A. 

IV-148 

Remy  M. 

IV-244 

Revel  I. 

11-56 

Riad  H. 

11-106 

Ricard  A. 

1-168 

IV-66 

IV-198 

IV-200 

IV-210 

Richou  J. 

1-174 

IV-116 

Rivaletto  M. 

11-42 

Robert  E. 

ni-30 

m-32 

Robin  L. 

IV-152 

Robson  R.E. 

1-52 

1-54 

Roca  i  Cabarrocas  P. 

IV-204 

Rodriguez- Yunta  A. 

11-112 

Rohlena  K. 

IV-272 

Rohmann  J. 

n-38 

11-40 

Romeas  P. 

1-186 

Rosatelli  C. 

11-176 

Rosenfeld  W. 

ni-44 

Rosenkranz  J. 

1-266 

Rosum  I.N. 

11-178 

n-180 

Roth  M. 

1-212 

Rousseau  A. 

IV-92 

Roussel  J. 

IV-130 

Roussel-Dupre  R.T. 

III-6 

ni-8 

m-io 

in-12 

III-52 

Rovtar  J. 

IV- 162 

Rozoy  M. 

1-270 

Rozsa  K. 

n-64 

Rudakowski  S. 

IV-148 

Rudnitsky  V.A. 

1-38 

Rukhadze  A.A. 

1-172 

in-46 

III-88 

Rulev  G.B. 

1-86 

Rusanov  V. 

IV-222 

Rusanov  V.D. 

IV-224 

Rusnak  K. 

IV-258 

Rutkevich  I. 

1-234 

1-236 

Ryazantsev  E.I. 

IV-224 

Rybakov  A.B. 

IV-138 

Rybakov  V.V. 

1-240 

s 

SaP.A. 

1-90 

Sabonnadiere  M.P. 

1-48 

Sabotinov  N. 

11-130 

Sadeghi  N. 

1-150 

1-152 

IV-202 

IV-246 

Saenko  V.A. 

1-38 

IV- 182 

IV-248 

Saidane  K. 

11-126 

Sakai  T. 

IV- 16 

Sakai  Y. 

1-92 

Sakamoto  S. 

IV- 186 

Salabas  A. 

11-118 

Salamero  Y. 

1-104 

Samarian  A. 

1-184 

Sando  K. 

1-164 

Sanduloviciu  M. 

n-172 

11-184 

11-186 

11-188 

11-190 

Sapozhnikov  A.V. 

1-138 

Sarrette  J.P. 

1-254 

11-160 

Sarroukh  H. 

m-24 

Sarytchev  D.V. 

11-26 

Sasada  T. 

IV- 132 

Sato  K. 

IV-118 

Sato  S. 

1-242 

Sato  T. 

1-164 

Satoh  H. 

1-238 

n-58 

Satoh  K. 

11-260 

Saulle  C. 

in-46 

Savinov  V.P. 

1-108 

Savjolov  A.S.- 

11-24 

11-26 

IV-112 

Sayler  G.S. 

ni-102 

Scheibe  H.J. 

11-128 

Scheibner  H. 

IV-188 

Schein  J. 

n-132 

Scheiring  Ch. 

1-84 

Scherbakov  Yu.V. 

11-210 

Schepe  R. 

1-40 

Scheubert  P. 

11-202 

11-204 

Schimke  C. 

III-34 

IV- 108 

Schmidt  E. 

m-48 

Schmidt  M. 

IV-196 

Schmoll  R. 

IV- 164 

Schopp  H. 

11-114 

IV-108 

Schram  D.C. 

11-108 

III-62 

in-63 

III- 108 

IV-254 

Schruft  R. 

1-264 
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Schulze  J. 

11-130 

III-48 

III-50 

Schumann  J. 

11-118 

Schumann  M. 

11-132 

Schwarzenbach  W. 

1-150 

lV-202 

Segui  Y. 

1-148 

111-74 

Segur  P. 

11-260 

lV-44 

Selen  LJ.M. 

111-108 

Sends  M.L. 

1-48 

111-26 

lV-52 

Sergeichev  K.F. 

11-196 

Serianni  G. . 

11-262 

IV- 134 

Servant  S. 

11-92 

Sery  M. 

1-130 

lV-228 

Sewraj  N. 

1-104 

Shakhatov  V.A. 

1-16 

1-42 

IV- 136 

Sharafutdinov  R.G. 

lV-256 

Sharkov  B. 

1-212 

Shibamoto  M. 

IV- 186 

Shibkov  V.M. 

1-44 

1-154 

11-60 

Shibkova  L.V. 

1-44 

1-154 

11-60 

Shimizu  K. 

lV-62 

Shiozaki  A. 

1-144 

Shiratani  M. 

IV- 190 

Shivarova  A. 

1-156 

1-158 

11-192 

Shkol’nik  S.M. 

1-12 

11-134 

111-104 

lV-138 

Shkvarunets  A.G. 

111-46 

Short  K. 

IV- 194 

Si-Bachir  M. 

lV-264 

Sicha  M. 

1-130 

lV-226 

lV-228 

Siegel  R. 

1-62 

Sigeneger  F. 

11-62 

Sigmond  R.S. 

lV-34 

Sigov  Y.S. 

1-220 

Silakov  V.P. 

1-138 

lV-110 

Simek  M. 

1-72 

rv-14 

lV-80 

Simko  T. 

11-64 

lV-184 

Simonet  F. 

111-16 

Singaevsky  I.F. 

1-108 

Singh  D.P. 

1-44 

1-154 

11-60 

Singh  N. 

11-136 

Sirghi  L. 

11-66 

Si-Serir  F. 

11-244 

Skalny  J.D. 

lV-250 

Skbwronek  M. 

1-186 

Skrynnikov  A.V. 

lV-256 

Skvortsov  V.A. 

111-14 

IV-270 

Slavicek  P. 

1-128 

lV-226 

Smakhtin  A.P. 

1-240 

Smirnov  V.V. 

1-42 

IV-136 

Smurov  1. 

1-80 

Snell  J. 

11-14 

Snyder  D.B. 

11-146 

Solntsev  l.A. 

n-208 

Solonin  V.V. 

11-174 

Sonnenschein  E. 

1-234 

Sorokin  A.V. 

11-166 

11-168 

Soukup  L. 

IV-226 

rV-228 

Soulem  N. 

111-84 

Spector  N.O. 

11-94 

Spyrou  N. 

m-84 

IV- 180 

Stacewicz  T. 

1-82 

Stamate  E. 

IV- 140 

Stan  C. 

11-188 

Stanciu  T, 

11-138 

Stanojevic  M. 

IV- 162 

Starikovskaia  S.M. 

IV-48 

IV-50 

IV-58 

Starikovskii  A.  Yu. 

IV-48 

IV-50 

IV-58 

Stark  R. 

11-52 

Steel  W.H. 

1-192 

1-194 

Stefanovic  1. 

11-44 

Stefka  J. 

11-78 

Stepanov  V.A. 

1-208 

11-174 

Stockl  C. 

1-212 

Stojanovic  V.D. 

1-34 

Stojilkovic  S.M. 

1-28 

Stoykova  E. 

1-160 

1-162 

Strelkov  P.S. 

III-46 

Strinic  A.I. 

IV-42 

Suchaneck  G 

1-146 

Sugawara  M. 

1-96 

1-164 

11-68 

Suginuma  Y. 

IV-40 

Sukhinin  G.I. 

1-46 

1-198 

Sukhomlinov  V.S. 

IV- 170 

IV- 172 

Sultan  G. 

IV-232 

Sunarchin  A.A. 

IV-262 

Sunka  P. 

1-248 

IV- 14 

Supiot  P. 

IV- 142 

SurdaV. 

IV-8 

Sychov  LA. 

11-194 

11-196 

Symbalisty  E. 

ni-8 

III- 10 

III- 12 

III-52 

T 

Tabbal  M. 

1-166 

1-168 

Taddei  F. 

11-214 

Takamura  S. 

1-196 

Takayama  K. 

IV-144 

IV- 186 

Talsky  A. 

IV- 160 

Tamme  D. 

1-40 

Tanaka  H. 

1-230 

Tanaka  K. 

1-228 

Taniguchi  K. 

11-198 

Taranenko  Y. 

III-8 

III- 12 

III-52 

Tarnev  JCh. 

1-158 

Tatarova  E 

1-122 

1-160 

1-162 

Tcheremiskine  V.I. 

1-48 

IV-52 

Tchuyan  R.K. 

11-268 

Teboul  E. 

IV-92 

Telbizov  P. 

11-130 

Telegov  K.V. 

11-240 

Tendys  J. 

IV- 194 

Terai  K. 

III-82 

Tereshkin  S.A. 

11-94 

Tesar  C. 

IV-98 

Tessier  P.Y. 

III-90 

Teuner  D. 

11-130 

III-48 
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Theroude  C. 

11-254 

Thomann  A.L. 

IV-252 

Thomaz  J. 

IV-232 

Tichonov  M.G. 

IV-262 

Tichy  M. 

IV-226 

Tiirik  A. 

IV-32 

Timofeev  N.A. 

III-54 

III-56 

Tioursi  M. 

IV-96 

IV- 166 

Toader  E.I. 

IV-151 

Toedter  0. 

IV-54 

IV-56 

Tokumasu  H. 

1-228 

Toma  M. 

11-190 

Tominaga  K. 

IV-266 

Tonegawa  A. 

IV- 144 

IV- 186 

Torchinskii  V.M. 

1-178 

Tous  M. 

IV-226 

Touzeau  M. 

11-70 

11-72 

IV-46 

IV- 160 

Tramontin  L. 

11-262 

Trepanier  J.Y. 

1-50 

Treshchalov  A. 

III-llO 

Trinquecoste  M. 

IV-236 

Trusca  A. 

n-140 

Tsuda  N. 

IV-268 

Tsuda  S. 

1-142 

Tsukabayashi  I. 

1-242 

Tsvetkov  T.S. 

11-192 

Turban  G. 

11-212 

ra-74 

ni-90 

u 

Udrea  M. 

11-50 

UedaY. 

1-136 

Uhlenbusch  J. 

11-226 

Uhrlandt  D. 

11-74 

Ukai  M. 

1-74 

Ulyanov  D.K. 

III-46 

Ulyanov  K.N. 

11-142 

11-144 

Uneyama  T. 

IV-118 

Ustalov  V.V. 

IV-240 

Ustinov  A.L. 

11-162 

Uteza  O. 

III-26 

V 

Vacquie  S. 

11-120 

11-126 

Valentini  H.B. 

11-202 

Vallee  C. 

III-74 

Vallone  F. 

IV- 134 

Van  Bever  T. 

1-106 

Van  de  Grift  M.  1-152 

IV-246 

Van  de  Sanden  M.C.M.  IV-254 
Van  der  Mullen  J.A.M.  11-108 


III-62 

III-63 

III-108 

Van  Dijk  J. 

III-63 

Van  Egmond  C. 

III-38 

Van  Ootegem  B. 

1-218 

Vardelle  A. 

11-158 

Vardelle  M. 

11-158 

Vaselli  M. 

1-44 

1-154 

11-60 

Vasenkov  A.V. 

1-56 

IV-256 

Vasilieva  A.N. 

III-76 

Vaulina  0. 

1-184 

Vayner  B.V. 

11-146 

Veis  P. 

III-98 

Veklich  A.N. 

11-154 

Velleaud  G. 

11-92 

IV-74 

Verdes  D. 

IV-242 

Vereshchagin  K.A. 

1-42 

IV- 136 

Vervisch  P. 

1-218 

11-238 

IV- 152 

Vervloet  M. 

III-74 

Vesselovzorov  A.N. 

ni-78 

Vialle  M. 

11-70 

11-72 

Videlot  H. 

IV-190 

Videnovic  I.R. 

IV- 146 

Viel  V. 

IV- 130 

Vikharev  A.L. 

1-272 

1-274 

Viladrosa  R. 

ni-30 

III-32 

III-44 

Vill  A. 

III-llO 

Vitel  Y. 

1-188 

1-190 

Vivet  F. 

1-200 

Vizgalov  I.V. 

11-26 

Vlcek  J. 

IV-258 

Vogel  N.I. 

III- 14 

IV-270 

Voitik  M. 

III-26 

Vovchenko  E.D. 

IV-112 

VrbaP. 

11-264 

Vrhovac  S.B. 

11-44 

Vul  A.Ya. 

III-54 

III-56 

w 

Wachutka  G. 

11-204 

Wakabayashi  Y. 

11-58 

Wang  Yicheng 

1-68 

Watanabe  T. 

1-244 

Watanabe  Y. 

1-170 

Wautelet  M. 

IV-210 

Wendt  R. 

IV-36 

Wetzig  K. 

1-146 

White  R.D. 

1-52 

1-54 

Wieme  W. 

1-20 

Wiesemann  K. 

IV- 148 

Wilke  C. 

11-74 

11-200 

IV- 188 

Winkler  R. 

11-62 

11-266 

m-58 

Wiolland  R. 

III-46 

WolfO. 

1-264 

Wolowski  J. 

IV-272 

Woryna  E. 

IV-272 

Wujec  T. 

II-llO 

Wuttmann  M. 

1-118 

Wyndham  E. 

11-12 

III-28 

Y 

Yagi  Y. 

IV- 134 

Yamada  J. 

IV-268 

Yamada  K. 

1-74 

1-142 

Yamazawa  Y. 

1-230 

Yan  J.D. 

11-148 

11-150 

Yasuda  M.  1-170 

Yasui  S.  1-246 

Yatsu  M.  11-68 

YilmazA.  1-172 

YoshidaM.  1-134 

YoshimuraS.  1-244 

Yousfi  M.  1-252 

11-220 
IV- 154 

YukhimukV.  III-6 

III-8 
III- 12 
III-52 

YumotoM.  IV-16 

Yurghelenas  Yu.V.  11-208 
11-210 

Yuyama  T.  1-230 

Z 

Zahoranova  A.  IV-8 

Zahraoui  A.  11-260 
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Zajickova  L. 

IV-260 

Zakouril  P. 

III-96 

Zambra  M. 

11-12 

m-28 

Zaretsky  E 

1-236 

Zatsepin  D.V. 

IV-50 

Zhelyazkov  I. 

1-160 

1-162 

Zheng  X. 

1-228 

Zhovtyansky  V.A. 

11-152 

11-154 

Zicha  J. 

11-18 

Zigman  V.J. 

1-226 

Zissis  G. 

111-60 

Zivkovic  J.V. 

lV-42 

Zobnin  A.V. 

11-94 

ZollerV. 

lV-222 

Zuev  V.S. 

lV-52 

Zvonicek  V. 

lV-160 
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